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FOREWORD 
This r e p o r t  is the  F ina l  Engineering Report summarizing t h s  
work performed under NASA Contract NAS5-10309 e n t i t l e d  "Stab i l ized  C02 
Gas Laser," covering the  period 1 December 1966 t o  30 January 1968. 
This r epor t  was prepared by t h e  Electro-Optics Organization of Sylvania 
Elec t ronics  Systems - Western Division, Mountain View,  Cal i fornia .  
It descr ibes  work performed i n  t h e  Electro-optic Devices Department, 
headed by Xr .  Mahlon B, Fisher.  M r .  Richard S. Reynolds is  the  
p r inc ipa l  i nves t iga to r  on the  program. D r .  J. D. Foster  a l s o  contr ibuted 
t o  t h i s  repor t .  
A l l  t he  work performed under t h i s  cont rac t  was  administered by t h e  
Optics Branch, NASA-Gocidard Space F l i g h t  Center, Greenbelt, Maryland. 
Mr. N. McAvoy is t h e  p r inc ipa l  technica l  representaz-ivs f o r  t he  Optics 
Branch. 
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ABSTRACT 
This r epor t  descr ibes  t h e  r e s u l t s  of a program d i r ec t ed  toward t h e  
design and development of a C02 laser capable of high power a t  a s i n g l e  
frequency, highly s t a b i l i z e d  on t h e  sho r t  term. 
developed 2-r use i n  long range communications systems and is capable 
of operating i n  any r v a t i o n  without a f f ec t ing  t h e  operat ing c h a r a c t e r i s t i c s .  
This laser has been 
The laser u t i l i z e s  a master-osci l la tor ,  power-amplifier t o  achieve 
high power simultaneously with high s t a b i l i t y  and is capable of providing 
up t o  38 w a t t s  of single-frequency l i g h t  i n  t h e  TEM 
control led o s c i l l a t o r  provides 5 watts 06 power at a s i n g l e  wabelength a t  
1016 microns f o r  an active plasma length of 50 cm. 
a folded s t r u c t u r e  with a t o t a l  o p t i c a l  path of about 7 meters. 
t i on  was used. 
mode. A temperature- 
coq 
The ampl i f ie r  u t i l i z e s  
DC exci ta-  
A second o s c i l l a t o r ,  i d e n t i c a l  t o  the  f i r s t ,  w a s  used t o  obta in  
r e l a t i v e  frequency s t a b i l i t y  information by heterodyne techniques, 
Long-term s t a b i l i t y ,  as determined by t h e  thermal environment was 
7 aboui: + 3 p a r t s  i n  10 . 
i n  10 and 1 p a r t  i n  10 over a 10 m s  t i m e  i n t e rva l ,  The short-term 
frequency s t a b i l i t y  depends s t rongly  on the  laser acous t i ca l  environment, 
The short-term s t a b i l i t y  var ied  between 5 p a r t s  
ii 9 
Experimental r e s u l t s  are a l s o  presented on the  e f f e c t s  cf RF exc i t a t ion ,  
l a s e r  bore s i z e  and gas mixture on the  laser output.  
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V 
1.0 INTRODUCTION 
Since the discovery of t h e  C02 laser i n  1964, much interest has been 
The des i r ab le  cmhina t ion  of high e f f i c i ency  with a high power 
generated f o r  i ts  use i n  appl ica t ions  involving communications and tele- 
metry, 
output capab i l i t y  is coupled r , i t h  an operat ing wavelength (10.6 microns) 
which occurs i n  an atmospheric "transmission window". 
t h a t  s i n g l e  frequency operat ion of t he  COP laser is poss ib le  even a t  
h igh  power levels allowing t h e  development of c e r t a i n  typed of communication 
systems which could not  be f u l l y  u t i l i z e d  with o ther  types of 1ase:ru. 
With these  major advantages, along with seve ra l  o ther  minor sdvantayc.s 
associated with operat ion i n  the  in f r a red  ( l a rge  coherence area, lower 
Also i t  appears 
quantum noise,  e t c , ) ,  t he  necess i ty  f o r  t h e  development of components 
s u i t a b l e  f o r  operat ion i n  a sophis t ica ted  10.6-micron system has  become 
apparent. 
This program has been concerned with the  development of a s u i t a b l e  
COz laser t ransmi t te r  capable of being used i n  an ear th- to  satell i te -- 
t o  e a r t h  communication l i nk ,  Spec i f ica l ly ,  t he  program involves the  develop- 
ment of a laser which . i s  capable of operating a t  a power level exceeding 
20 wat ts ,  with the  output l i n e a r l y  polar ized and with t h e  power contained 
i n  a s ing le  frequency corresponding t o  a wavelength of about 10.6 microns. 
The laser is t o  be  used i n  a homodyne inode where a por t ion  of t he  output beam 
is tapped wl used as a l o c a l  o s c i l l a t o r  f o r  t h e  returned beam from t h e  
satellite. 
is required during t h e  time of f l i g h t  ( i n  t h i s  case 10 ms) of the  o p t i c a l  
beam t o  the  s a t e l l i t e  and back. 
laser w i l l  not  be noticed i n  t h i s  type of system, therefore  only moderate 
long-term S t a b i l i t y  is  required.  
In  t h i s  mode of operat ion good frequency s t a b i l i t y  of t he  laser 
Slow d r i f t s  i n  t h e  output frequency of t he  
Other important f ac to r s  i n  t h e  development of t h i s  laser are weight 
and convenience of operat ion since t h e  l a s e r  w i l l  be i n s t a l l e d  on a r o t a t i n g  
te lescope remotely located from the  te lescope cont ro l  room, The capab i l i t y  
of maintaining t h e  operating cha rac t e r i s t i c0  of the  l a s e r  is  essentiai even 
as the  l a s e r  is ro ta ted  and t i l t e d .  
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To achieve these goals, a master-osci l la tor ,  power ampl i f i e r  
approach was taken u t i l i z i n g  sealed-off plasma tubes with Brewster angle 
windows. 
s t a b i l i z a t i o n  would not be necessary t o  achieve t h e  required long-and 
short-term frequency s t a b i l i t i e s  and t h a t  c lose  a t t e n t i o n  t o  t h e  d e t a i l s  
of mechanical and thermal design would provide the. des i r ed  r e s u l t s .  
unique invar-aluminum lasar cav i ty  configurat ion was u t i l i z e d  t o  provide 
an o s c i l l a t o r  with appropriate  dimensions and conEiguration t o  provide t h e  
required s t a b i l i t i e s .  A l ightweight amplifier,  folded t o  reduce o v e r a l l  
leagth,  was then used t o  boost t h e  o s c i l l a t o r  power without adding any 
s i g n i f i c a n t  no i se  o r  i n s t a b i l i t i e s  t o  the beam. 
It was determined ea r ly  i n  t h e  program t h a t  active e l e c t r o n i c  
A 
The most s a t i s f a c t o r y  technique f o r  neasuring t h e  frequency s t a b i l i t y  
of a laser is t o  use heterodyne techniques even though only re la t ive 
frequency s t a b i l i t y  is obtained t h i s  way. 
constructed t o  use 3s a l o c a l  o s c i l l a t o r  f o r  t h e  frequency s t a b i l i t y  
measurements. 
each laser could be considered t o  contribute equally t o  any i n s t a b i l i t i e s  
which could be  measured. 
A second laser o s c i l l a t o r  was 
This laser was constructed i d e n t i c a l l y  t o  t h e  f i r s t  so t h s t  
Section 2.0 dezcribes the  lase: system i n  d e t a i l  and discusses  t h e  
mechanical and electrical  design of both t h e  high power and low power 
lasers, s e c t i o n  3.0 lists the  var ious experiments and s t u d i e s  performed 
during t h e  program, sec t ion  4.i) contains t h e  desc r ip t ion  of any new 
technological developments during t h e  program, sec t ion  5.0 contains  a 
statement on materials processing during t h e  program and sec t ion  6.0 sum- 
marizes the  r e s u l t s  of the program. 
used i n  t h i s  report .  
Section. 7.0 contains  the references 
2 
2 . 0 TECHNICAL A)!PROACH 
2.1 General 
The bas i c  system approach we have used toward e s t ab l i sh ing  a high- 
power, h igh - s t ab i l i t y  C02 laser is diagramed i n .  Figure 1. 
simultaneous reqairements of high power and high-frequency s t a b i l i t y ,  a 
master oscil lator-power ampl i f ie r  approach has been taken. 
01 t he  C02 laser t r a n s i t i o n  makes t h i s  approach f e a s i b l e ,  
length (and the re fo re  power) was l imi ted  by v i b r a t i o n a l  e f f e c t s  i n  the  
mechanical s t ruc tu re ,  -nd t h e  o v e r a l l  weight of t he  u n i t ,  
s t ruc tu res ,  which wov be capable of de l iver ing  higher  powers, t he  
necessary cross-sect ional  area becomes l a r g e  f o r  good v i b r a t i o n  r e s i s t a n c e  
and t h e  weight grows rap id ly .  
was set a t  about. 50 l b s  r e s u l t i n g  i n  an ex te rna l  cav i ty  length of about 
92 cm. 
of de l iver ing  about 4 t o  5 watts 05 single-mode power. 
To achieve rhe 
The high gain 
The o s c i l l a t o r  
For longer 
The design weight of t he  laser o s c i l l a t o r  
With an a c t i v e  length of about 50 cm the  o s c i l l a t o r  is capable 
The ampl i f ie rs  which follow the  laser o s c i l l a t o r  must be long enough. 
t o  provide f o r  a power ga in  of about 4 t o  5. 
p a r t  of a resonant cavi ty ,  l ightweight  supports  are a l l  t h a t  are required 
i n  the  mounting of t he  ampl i f ie rs .  
Since the  ampl i f ie r& t-re not  
The system i n  which the  laser w i l l  be Jsed u t i l i z e s  p o l a r l z a t i c a  
s e n s i t i v e  opt ics ;  and, therefore ,  t o  maintain an ove ra l l  high t ransmission 
f a c t o r  f o r  t he  system, the  l a s e r  has been designed t o  u t i l i z e  Brewster angle  
windows 
Wavelength s e l e z t i o n  i s  t o  be obtained by length tuning t h e  laser cavi ty .  
It has been found c h n t  t he  l a s e r  w i l l  o s c i l l a t e  near ly  s i w l t a n e o u s l y  i n  
seve ra l  laser transi  tions, each corresponding t o  d i f f e r e n t  ou tpa t  wavelength. 
However, by ca re fu l ly  ad jus t ing  the  o p t i c a l  length oL the  laser cavi tys  s t a b l e  
3 
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Fiagle-wavelength operat ion can be obtained i n  any one of t h e  several high 
gain l ines .  Also by cont ro l l ing  and maintaining the  temperature of the  l a s e r  
cavi ty ,  t he  laser can be turned on and off  and s t i l l  operate  a t  a preselected 
wavelength. 
The primary purpose of t h e  dc  b i a s  ad jus t ,  shown i n  Figure 1, is t o  
allow t h e  s e i e c t i o n  of t h e  operating wavelength. 
cont ro l  t he  cavi ty  mirror  separa t ion  by changing t h e  b i a s  vol tage  appl ied t o  
a p i ezoe lec t r i c  transducer on which t h e  back laser mirror  is attached. Once 
the  proper b i a s  vo l tage  is se lec ted ,  t h e  temperature con t ro l  system w i l l  
con t ro l  t he  temperature of t h e  laser cavi ty  so t h a t  t he  laser operat ing 
frequency w i l l  always l ie  within t h e  se lec ted  C02 Doppler l i ne .  
t h e  temperature con t ro l  system is operating properly, t h e  absolu te  o p t i c a l  
length of t h e  cavi ty  w i l l  allow "he laser t o  always operate  a t  a s i n g l e  
preselected wavelength. 
maintaining the  cavi ty  temperature t o  an accuracy of about - + 0.1OC. Higher 
accuracies  are l imi ted  by the  presence Df t h e  a c t i v e  laser i n s t a l l e d  in s ide  
the  laser cavity.  
plasma tubes must be cooled by a low-velocity l i qu id ' coo l ing  system. 
contained hea t  exchanger has been used f o r  t h i s  purpose. 
This adjustment w i l l  
As long a s  
The t m p e r a t u r e  cont ro l  system is capable of 
I n  order f o r  t h e  laser t o  opera te  a t  maximum power, t h e  
A s e l f -  
The f i n a l  lasers and ampl i f ie rs  u t i l i z e  dc e x c i t a t i o n  although RF 
exc i t a t ion  was used during t h e  e a r l y  port ions of the  program. 
i n t e r e s t  in using RF exc i t a t ion  w a s  generated by the  exce l len t  C02 l a s e r  
l i f e t i m e  da ta  from French 
tochniques. 
dc exc i t a t ion  ( a t  t h a t  t i m e ) .  
t h a t  t he  maximun s ing le  mode power from t h e  laser was s u b s t a n t i a l l y  increased 
when dc exc i t a t ion  was used ins tead  o f  RF e x c i t a t i o n  and t h a t  reasonable 
l i f e t imes  were beginning t o  be observed f o r  some designs of dc operated t u k a .  
Before the  switch t o  dc operat ion was completed, much valuable  information 
was obtained on RF exci ted tubes and i s  included i n  later sec t ions .  
The i n i t i a l  
* 
experimenters who were using RF e x c i t a t i o n  
Their r e s u l t s  were subs t an t i a l ly  b e t t e r  than t h a t  obtained with 
Subsequently w e  found near ly  simultaneously 
* 
Laborakoire de Fhysique, de l a  Societe  Anonymite de Telecommunications, 
4 1  rue  Cantagrel, Pa r i s ,  13e. 
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2.2 Mechanical Design 
2.2.1 Vibrat ion Control .. 
Under normal environments, t he  laser output frequency, with i t s  very 
narrrtw instantaneous s p e c t r a l  width wanders i n  frequency due t o  small changes 
i n  the  r e l a t i v e  pos i t i on  of t h e  laser mirrors.  
change of t he  laser assoc ia ted  with ch is  length  change caused by e i t h e r  thermal 
o r  v ib ra t iona l  e f f e c t s  is given by 
The r e l a t i v e  frequency 
where f is the  laser operat ing frequency and L is the  separa t ion  of t h e  
laser mirrors.  
frequency may be averaged by t h e  measuring instruments used t o  d e t e c t  these  
frequency s h i f t s  and the  ex ten t  of t he  v i b r a t i o n a l  i n s t a b i l i t i e s  then a r e  
r e l a t ed  t o  t h e  measured s p e c t r a l  width of t h e  laser beam. 
Over shor t  t i m e  periods t h e  wanderings of t h e  output 
The lower l i m i t  t o  the  ex ten t  of t he  frequency wandering can be 
predic t  Ed'') from the  thermal e x c i t a t i o n  of t h e  lowest frequency longi tudina l  
mode of the  laser cavi ty  s t ruc tu re .  
s t a b i l i z e d  C02 laser, t h e  fundamental value f o r  t h e  Vibrat ion frequency 
s t a b i l i t y  is about 
For t h e  type of c a v i t i e s  used on t h e  
-15 = 2 x 1 0  , thermal v ib ra t ion  
small  compared t o  the  s t a b i l i t i e s  achieved i n  normal laboratory environ- 
ments. 
I f  acous t i ca l  and mechanical v ib ra t ion  inputs  t o  t h e  s t r u c t u r e  have 
s i g n i f i c a n t  power a t  longi tudina l  mode frequencies  of the  s t ruc tu re ,  t h e  
magnitude of t he  wandering of the  laser frequency w i l l  be increased. In 
addi t ion,  real l a s e r  s t ruc tu res  may have elements with beam-like o r  p la te -  
l i k e  geometries. 
may occur a t  q u i t e  low frequencies.  
Beams and p l a t e s  have t ransverse v ib ra t ion  modes which 
Also, t he  j o i n t s  Setween elements may 
6 
have low-frequency modes, 
a t  frequencies included ir. t h a  power spec t ra  of t h e  acous t i ca l  and 
mechanical v ib ra t ion  inputs ,  t he  freqaency wandering of t h e  laser w i l l  be 
even f u r t h e r  increased. 
I f  m y  of these  add i t iona l  v i b r a t i o n  modes occur 
I n  order f o r  a .jtruGture t o  be scable  aga ins t  v ibra t ion ,  i t  is necessary 
tha t  t h e  mechanical resonances of t h e  s t r u c t u r e  not be a t  frequencies  within 
the  iQain power spectr.um .>f acous t rca l  and mechanical v i b r a t i o n  no i se  inputs .  
Acoustical  na ice  and mechanical Vibrat ion no i se  are a c t u a l l y  i d e n t i c a l  
quans i t ies ,  but  w e  w i X .  def ine  them as two separate no i se  sources. Acoustic 
no ise  w i l l  be defincd as no i se  energy t r ans fe r r ed  as sound waves through t h e  
air, and mechanical v ib ra t ion  noise  w i l l  be defined as noise t r ans fe r r ed  
through the  s t r u c t u r a l  mounting. 
The main power spectrum of both acous t ic  m d  mechanical v i b r a t i o n  noise  
is at  low frequencies.  
a t  less than 500 Hz. 
The peak of t h e  acous t ic  spectrum usua l ly  occurs 
The f a c t  t h a t  most of t h e  noise  power spectrum f o r  
v i b r a t i o n a l  exc i t a t ion  occurs a t  low frequencies,  together  with the. f a c t  t h a t  
high frequency noise  is easier t o  i s o l a t e  from a s t r u c t u r e  than is low 
frequency noise, d i c t a t e s  t h a t  t he  C02 laser s t r u c t u r e  should be designed 
t o  make the  s t r u c t u r a l  frequency resonances as high as can be achieved. 
The frequency of t h e  lowest longi tudina l  resonance of a laser cavi ty  
s t r u c t u r e  is determined by t h e  e f f e c t i v e  cav i ty  length. 
given by the  equation 
This frequency is 
S 
C 
= -  
fLV 2L 
where Cs is the ve loc i ty  of sound i n  the  s t ruc tu re ,  and L i s  t h e  s t r u c t u r e  
length. 
7 
I n  choosing a length f o r  t he  C02 laser, one must make a trade-off between 
.iigh long i tud ina l  mode frequency and s t i f f n e s s  aga ins t  d i s t o r t i o n  on 
the  one hand and high output power OIL t h e  other. 
made of invar  f o r  thermal s t a b i l i t y  reasons, Table I s h w s  t h e  lowest longitud- 
i n a l  frequency f o r  various cav i ty  lengths.  
Assuming a s t r u c t u r e  
Table I. Lowest Longitudinal Mode Frequencies i n  Invar Laser Cavities 
-- Cavity Length Frequency 
3 m  1.2 kHz 
l m  2.5 kHz 
50 cm 5.0 wfz 
20 cm 12 kHz 
10 cm 25 kHz 
It is most d e s i r a b l e  t o  keep 
i s o l a t i o n  from t h e  ou t s ide  environment. 
fLv as l a r g e  as poss ib l e  t o  a i d  i n  acous t i c  
A t  frequencies s u b s t a n t i a l l y  below 
the laser mirrors  w i l l  o s c i l l a t e  i n  phase when exci ted by acous t i ca l  fLv ’ 
energy, and the re  w i l l  be no n e t  change i n  t h e  o p t i c a l  length of t h e  cav i ty  
(and, therefore,  no frequency change i n  the  laser output).  However, a t  
t he  mirrors move i n  opposition, and the  laser frequency excursion fLv ’ 
is maximum. I n  general, acoustical-dampening materials, such as foam, 
laminate s t ruc tu res ,  etc., a l l  a t t enua te  acous t i ca l  energy more e f f i c i e n t l y  
a t  t h e  higher frequencies. 
poor a t  very low frequencies.  For t h i s  reason, a major e f f o r t  i n  t h e  design 
of the cav i ty  has been placed on maintaining as high a lowest-order resonant 
frequency as poss ib l e  f o r  t he  chosen cav i ty  length,  
Their a t t e n t u a t i o n  c h a r a c t e r i s t i c s  are r a t h e r  
A nominal 1 m long t o t a l  cavi ty  length was chosen f o r  t h i s  prcjgram as 
being a b l e  t o  provide f a i r l y  s u b s t a n t i a l  out?ut power (about 5 watt s i n g l e  
frequency) while s t i l l  maintaining f a i r l y  high lowest-order resonant fre- 
quencies i n  the range where s u b s t a n t i a l  v i b r a t i o n a l  damping can be applied. 
The design of the remaining s t r u c t u r e  was then chosen t o  keep from 
lowering the b a s i c  f i r s t  resonance, The individual  elements of t he  s t r u c t u r e  
8 
were chosen with geometries and methods of support (boundary conditions) 
such t h a t  they do not have low frequency t ransverse  resonances, The 
j o i n t s  were a l s o  designed so t h a t  they do not  have any low frequency 
resonances. 
length. 
areas under compressional stress. 
then be high. 
screws to connect s i g n i f i c a n t  masses must be avoided. 
photograph of one of t he  o s c i l l a t o r  c a v i t i e s ,  and Figure 2b is  an  assembly 
drawing of t he  un i t .  
Especial ly  c r i t i c a l  are the  j o i n t s  perpendicular to  the  cavi ty  
One p a r t i c u l a r l y  good design f o r  these  j o i n t s  is t o  use l a rge  contact  
The spr ing  constant of the  j o i n t  w i l l  
Designs with j o i n t s  using only t h e  spr ing f o r c e  of a few 
Figure 2a shows a 
The cavi ty  cons i s t s  of a r i g i d  channel-shaped s t r u c t u r e  with t h e  
laser tube mounted i n  t h e  channel and the  mirror  mounts clamped t o  the  
ends. 
r e s i s t ance  t o  bending deformation. 
fou r th  s i d e  of t h e  s t r u c t u r e  closed, t h e  r e s i s t ance  t o  bending is  almost 
i d e n t i c a l  t o  a cy l ind r i ca l  s t r u c t u r e  (optimum f o r  r e s i s t ance  t o  bending) 
of similar cross-sect ional  diinensions. However, t he  rectangular  s t r u c t u r e  
allows much easier access t o  t h e  cavi ty ,  
The channel-shaped s t r u c t u r e  was chosen because of its high 
When t h e  l i d  is at tached and t h e  
I n  order  t o  conserve weight, but s t i l l  maintain t h e  required thermal 
cha rac t e r i s t i c s ,  t he  channel-shaped cavi ty  w a s  constructed pr imari ly  from 
aluminum with invar  rods embedded i n  t h e  aluminum. 
located a t  each corner of t h e  channel, serve as mounting poin ts  for t he  
mirror assemblies. 
provide an in t imate  contact  between t h e  invaw and t h e  r i g i d  aluminum 
s t ruc ture .  
The four invar  rode, 
The rods are pot ted i n t o  the  aluminum frame so as t o  
Out OB several l ightweight  s t r u c t u r a l  materials, aluminum was chosen 
It is almost because of i t s  r e l a t i v e l y  high ve loc i ty  of sound f ac to r .  
i d e n t i c a l  t o  the  invar rods a t  about 5000 meters per  second(2). 
92-cm long cavi ty  length f i n a l l y  chosen, t h i s  ve loc i ty  f a c t o r  r e s u l t s  i n  a 
calculated lowest longi tudina l  cav i ty  resonance of about 2700 cps. 
For t h e  
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To remove the  problems a s e x i a t e r l  with weak spring-type con t ro l s ,  
t he  mirror  holders  have been ruggedly designed. As can be seen i n  Figure 
2, t he  n,rrors can be adjusted i n  angle by d i s t o r t i o n  of t h e  metal f lange 
holding t h e  mirror assembly. 
f i n a l  posi t ion,  the adjustment screws c l a q  t h e  mirror  holder t i g h t l y  so  
t h a t  no inadvertent  movement is possible.  The mirror  holder has been 
keyed so  t h a t  mirrors  can be removed and replaced without causing misalign- 
ment. 
s l i g h t l y  longer than t h e  aluminum cav i ty  s t r u c t u r e  so the  n;.irror mounts do 
no t  contact  the aluminum (see next s ec t ion  on thermal con t ro l ) .  
As t h e  mirrors  are being adjusted i n t o  t h e i r  
The invar  rods t o  which the  mirror holders are t i g h t l y  bolted are 
The laser tube has been mounted i n  t h e  cav i ty  with t h i n  d i s c s  which 
provide good t ransverse s t a b i l i t y  while o f f e r ing  high impedance t o  v i b r a t i o n s  
which may be coupled t o  the  cav i ty  by the  flowing coolant around t h e  laser 
tube. 
To f u r t h e r  reduce the i n t e n s i t y  of a i r  born acous t i c  waves reaching 
the laser o s c i l l a t o r ,  t h e  e n t i r e  i n s i d e  covers and base of t h e  laser 
enclosure are covered with seve ra l  l aye r s  of type Y-9052 i n d u s t r i a l  
v i b r a t i o n  damping material made by 3 M Company. 
s e n s i t i v e ,  spec ia l ly  compounded polyurethane acous t i c  damping foam with an 
aluminum f o i l  paper laminant constraining l a y e r  backing. 
I s  espec ia l ly  e f f e c t i v e  f o r  v i b r a t i o n  i s o l a t i o n  and it  a l s o  serves as an 
e f f e c t i v e  thermal sh i e ld  t o  help maintain a uniform and con t ro l l ab le  temperature 
within t h e  laser enclosure. 
This material i s  a pressure- 
The laminant s t r u c t u r e  
2.2.2 Thermal Control -
Although the  requirement f o r  h igh- f repen-  sCak:!! Lty is only appl icable  
f o r  r e l a t i v e l y  sho r t  periods of t i m e ,  t h e  laser x ~ s t  be s t a b l e  enough t o  
operate  continuously within t h e  c e n t r a l  portio11 cf t h e  CO 
This is necessary t o  ensure constant power and s i n g l e  wavelength operation. 
Doppler gain curve. 2 
12 
(3 )  The expected Doppler l-inewidth Av of any laser gas can be estimated D 
from the r e l a t ionsh ip  
A M 
is the molecular temperature of and Tmol where ?4 is the  molecular mass, 
t h e  discharge, k is  Boltzmann's constant (1.3 x joules/OC), and A 
is the  wavelength. F@r the CO laser AvD :: 50 MHz. 2 
The degree of length s t a b i l i z a t i o n  required t o  maintain continuous 
single-frequency output with good power s t a b i l i t y  can be  e a s i l y  calculated.  
Assume t h a t  t h e  maximum d r i f t  i n  frequency from the center  of t h e  Doppler 
gain curve can be only about 10% i n  order t o  obtain good POWCK s t a b i l i t y .  
Then the  r e l a t i v e  change i n  cav i ty  length is 
t 
where L is the 
= 1.7 x lo-? (.1) 50 MHz 
3 x HZ 
cav i ty  length and f is the laser frequency. The degree 
of thermal s t a b i l i z a t i o n  required f a r  the cav i ty  s t r u c t u r e  can then 5e 
obtained s ince  
where c1 is the  thermal c o e f f i c i e n t  of expansion of t he  cav i ty  material and 
AT is the t o t a l  v a r i a t i o n  i n  cav i ty  temperature with t i m e ,  
1 3  
Table I1 
- Material 
Aluminum 
Copper 
Class 
Iron, S t e e l  
Magnesium 
Invar 
Coeff ic ient  c f  Thermal Expansion 
of Several. S t s u c t u r s l  Mater ia ls  
Quartz (fused) 
Special  Glass and 
Ce l lu l a r  Ceramics 
a (per degr-e C) 
25.5 x 
16.8 
. 8.5 
10.0 - 12.0 
26.0 
0.90 
0.42 
- 0.10 
Using the  standard techniques of proportional temperGture con t ro l ,  
the  expected r e a l i z a b l e  l i m i t  on 
u ra t ion  of t h e  laser cavi ty ,  expected tnermal load and environmental 
va r i a t ions .  With the  above value of AL/L , t he  required value of 
a is  
AT i s  about - + 0.loC f o r  t h e  config- 
- 1.7  x - _1_.- a 
0, ioc required 
-6 0 = 1 . 7  x 10 / c 
Table II lists a f e w  materials  which could be used f o r  a cav i ty  s t r u c t u r e  
along with their coe f f i c i en t  of thermal expansion. 
machining and low expansion coe f f i c i en t ,  invar was chosen as t he  primary 
thermal mater ia l ,  
Because of i t s  ease of 
14 
The method of zttachment of t h e  invar rods t o  the  aluminum channel- 
shaped s t r u c t u r e  is extremely c r i t i c a l .  Rigid bonding, whirh would be most 
des i r ab le  frgm a r e s i s t a n c e  t o  bending viewpoint, would nc’c be s a t i s f a c t o r y  
from a therm41 viewpoint s ince  the  alcminum w i l l  p u l l  t h e  iiivar as the 
temperature changes, The bes t  compromise w i l l  be obtained by using a bonding 
material whose shear modulus of e l a s t i c i t y  is j u s t  low enough t h a t  i n s i g i f i -  
cant pul l ing of the invar by t h e  aluminum w i l l  occur. The following is an 
ana lys i s  which was performed +o help dztermine the  appropriate  bonding 
mater i a l  . 
Refering t o  Figure 3a, assume t h a t  the aluminum and the invar  have both 
thermal and e las t ic  deformations, but t h e  epoxy has only e l a s t i c  deformation. 
This assumption g r e a t l y  s i m p l i f i e s  t he  ca l cu la t ions  and, as can be seen a t  
t h e  end of t h e  analysis ,  t h i s  assumption i s  qu i t2  good. 
Froin geometry, t he  d i f f e r e n t i a l  thermal IT) expansion between t h e  
invar  2nd the  aluminum must equal t h e  seam of the  e las t ic  
i n  t h e  th ree  materials. 
(E) deformations 
The t o t a l  e:xpansion of t h e  invar  is the  quantit:. of I n t e r e s t .  It is  
given by 
and t o  obtaiii (AL ) w e  need t o  determinr each of t he  individual  defor- 
mations. For the  case when L z LIn z L 
I n  
Z L  
Ep A 1  
a L A T  (ALIn) = I n  1 
(3)  
( 4 )  and (ALA1) = a i A T A 1  T 
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where CL i s  the coe f f i c i en t  of thermal expansion and AT is the + nperature  
rise of the mater ia l .  
Considering the e l a s t i c  deformation of t he  invar,  t he  d i f f e r e n t i a l  
expansion between the  aluiiinuim and the  invar w i l l  produce a shear stress 
i n  :he epoxy which w i l l  increase l i n e a r l y  from t h e  center  of t h e  s t r u c t u r e  
to  the ends. 
shear force,  s , with dimensions of l b / i n .  The f o r c e  w i l l ,  of course, 
be a e s n e d  t o  a c t  uniformly over t he  circamference of t h e  invar a t  each 
ps'sition as depicted i n  Figure 3b. 
This stress can h e  expressed as a one dimensional d i s t r i b u t e d  
Refe-ing t o  the f r e e  body diagram i n  Figure 3b, t h e  fo rce  ac t ing  on 
the invar a t  pos i t i on  x can be w r i t t e n  as 
2 2 s x  1 "mL m 
2 2  L 
- - - - -  
and the e l a s t i c  deformation A ( d x )  due to  t h i s  fo rce  on an incremental 
length (dx) a t  x is  given by 
Px dx 
AIn '~n 
A ( & )  - 
is the  modulus 'In where AIn i s  t-he cross-sectional area of t h e  invar and 
of e l a s t i c i t y  of invar.  
The t o t a l  deformation f o r  one half  t he  length of invar w i l l  be the  i n t e g r a l  
of t he  incremental values, and :he t o t a l  deformation w i l l  be twice t h e  
integral .  
L / 2  Px dx i, A- Ln 'In Win! = E 
(5) 
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Similar ly  f o r  t he  aluminum 
n 
SmLL 
(ALA1) = 
E AA1 E A 1  
Now t o  f i n d  the e l a s t i c  deformation of t h e  epoxy, consider an elemental 
r i ng  of e.poxy a t  pos i t i on  x with l eng th  dx . A cross  sec t ion  of t h i s  
r i ng  is  shown below. 
d i s t r i b u t e d  from t h e  center  t o  each end of t h e  epoxy j o i n t  and t o  act 
uniformly over t he  r ing  of epoxy. 
Again the  shear f o r s e  i s  considered t o  be uniformly 
- 
.. - 
The deformation across  the  epoxy due t o  the shear s t r a i n  a t  p o s i t i o n  
x is then 
where C i s  the circumference of t h e  epoxy r ing  and G is the  shear  
modulus of e l a s t i c i t y  of t he  epoxy w i l l  be twice t h a t  a t  one end. 
EP 
%P = Lc we can 
Since the  area of the epoxy , can be w r i t t e n  
P 
write f o r  t he  maximum deformation which occurs a t  x=L f o r  t h e  e n t i r e  rod 
2 s  L t E  m 
(ALzp) = 
E '-Ep GEp 
( 7 )  
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In 
We now have a l l  t he  r e l a t ionsh ips  necessary t o  solve f o r  
Subs t i t u t ing  (31 ,  ( 4 1 ,  (51, (6) and ( 7 )  i n t o  equation (1) and solving f o r  
s L w e  g e t  
A i ,  
m 
- a  ) L A T  ( a ~ l  I n  smL = - 
tEp + L 
A-in EIn E A l  %p GEp 
+ -- L 
combining equation (8) with (31,  (5) and (2) and arranging the  terms, w e  ge t ,  
f i n a l l y  
which is the e f f e c t i v e  c o e f f i c i e n t  of expansion of t h e  invar  as i t  is  
pulled by the  aluminum through the  s t r eng th  of t he  epoxy j o i n t .  
From a v i b r a t i o n  viewpoint, i t  is  most d e s i r a b l e  t o  have t h e  invar  very 
t i g h t l y  coupled t o  t h e  aluminum s t r u c t u r e .  The r i g i d i t y  and mass of t h e  
aluminum would tend t o  keep t h e  resonant frequency of t h e  o v e r a l l  mirror 
s t r u c t u r e  high. However, as seen from equation (9) ,  when G is  very 
large,  t h e  e f f e c t i v e  c o e f f i c i e n t  of expansion of t h e  cav i ty  approaches t h a t  
of aluminum, which i n  t h i s  case would not  be  to l e rab le .  
EP 
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A s  an estimate of the magnitude of this effect, the following values 
appPy: 
-6 .O = 1 x 1 0  i c  In a 
6 
= 27 x 10 p s i  
EIIl 
2 AIn = 0.614 i n  
L = 3 9 . 4  inches 
A 1  a 
EA1 
AA1 
%P 
EP 
t 
-6 o = 2 2 x 1 0  I C  
6 = 10.5 x 10 psi 
2 
= 4.45 i n  
2 
= 77 in 
= 0.030 i n  
and f o r  a "hard" epoxy 
G 0 .25  x 10 p s i  6 
EP 
20 
evaluat ing equat ion (9) with these values  g ives  
Hysol 0266 Epoxy 
G.E. - RTV 30 
G.E. - RTV 11 
Semi-rigid E&C 
Aluminum Epoxy 
1 -6 o 
= 1 7 x 1 0  / c  _ .  AL rll’ 
I n  
180 
120 
24 
> 3 x 1 0  4 
which is, of course, too l a r g e  f a r  our purposes. This expansion coe f f i c i en t  
corresponds t o  a thermal s t a b i l i t y  of 500 MHz/OC f o r  a 1 meter laser cav i ty  
operat ing a t  10  microns. 
e f f e c t i v e  coe f f i c i en t  of exparision of about 2 - 4 x 10  
from equation (91,  t o  ob ta in  t h i s  value,  t h e  invar  rods mst be  i n s t a l l e d  
and held by an adhesive which exh ib i t s  a shear  modulus, G of less than 
about 200 ps i .  
To obta in  t h e  des i red  s t a b i l i t y  w e  need an 
-6 o / C o r  less, and 
This va lue  of shear modulus f a l l s  almost i n t o  t h e  “rubbery” range and 
very f e w  materials, which may be use fu l  f o r  our purposes, have published 
val.ies of G . To f i n d  a s u i t a b l e  material we  made several test j i g s  
which simply used two metal cyl inders ,  one i n s i d e  t h e  other ,  with a 
0.030 inch annular  gap betwee.n them. 
glue the  two p ieces  together  and a f t e r  t h e  adhesive had set, c.ke u n i t  w a s  
t e s t e d  on a tensiometer. 
An adhesive t o  be t e s t ed  was uscd t o  
The following r e s u l t s  were obtained 
The RTV 30 s i l i c o n e  material w a s  used i n  t h e  f ab r i ca t ion  of t h e  laser cavities.  
A s  de ta i l ed  i n  sec t ion  3.1, t h i s  ma te r i a l  has worked q u i t e  w e l l  f o r  t h i s  
appl ica t ion .  The aluminum epoxy which a h i b i t s  q u i t e  high thermal conduct ivi ty  
21 
was a l s o  used on a test cavi ty  and found t o  be  much too r ig id .  
case the expansion c h a r a c t e r i s t i c s  of the invar  were found t o  be c lose  t o  t h a t  
of the aluminum. 
For t h i s  
To maintain t h e  cav i ty  a t  a - f 0.loC temperature v a r i a t i o n ,  a propor- 
t i o n a l  type of tenperature  con t ro l  system was designed. 
c o n t r o l l e r  is  d e t a i l e d  i n  sec t ion  2.3.2.  
The design of t h i s  
2 . 2 . 3  O s c i l l a t o r  Tube Design 
During the  course of the progran, several tube geometries wzre constructed 
a l l  of which had approximately the  same t o t a l  length and a l l  had Brewster 
angle windows, although no t  a l l  of t he  windows were the  same type material. 
Some of the tubes were W exci ted and otho-rs were dc exci ted,  some could 
be exci ted with e i t h e r  ac or dc f o r  comparison purposes. 
bore diameters from approximately 50 mm down t o  s i z e s  of about 6 mm were 
t e s t e d  at various t i m e s  during t h e  program. The r e s u l t s  obtained with the 
FU? tubes are discussed i n  a l a te r  section. 
Tubes ranging i n  
The tubes which were used i n  t h e  f i n a l  packages were constructed from 
Pyrex glass .  
an o v e r a l l  bore length of approximately 50 cm. It was. found t h a t  i n  the  
t e s t i n g  of various tubes with d i f f e r e n t  bore s i z e s  (see s e c t i o n  3 . 4 )  t h i s  
diameter bore gave cons i s t en t ly  high power output i n  a pure s i n g l e  mode. 
Larger bore tubes on the  order of 8-10 mm q u i t e  o f t en  ran with second order 
o r  t h i r d  order  modes mixed t o  some degree with t h e  lowest-order mode. 
They had an a c t i v e  bore diameter of approximately 7 mm with 
These tubes use a kovar cathode which was constructed i n  a re-entrant 
c y l i n d r i c a l  configuration. 
of t he  cathode s o  t h a t  spu t t e r ing  from one po r t ion  of t he  cathode could be 
deposited on the  other  s i d e  allowing re-sputtering and l i b e r a t i o n  of any 
trapped gases t h a t  may have been buried by t h e  spu t t e r ing  process. 
a l l  cases the anode wa,p simply a tungsten pin.  
The discharge was run off  of the i n s i d e  diameter 
I n  
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The Brewster angle windows used i n  the  f i n a l  tubes were constructed 
8 from high r e s i s t i v i t y  (1 x 10 a-cm) GaAs. The absorpt ion coe f f i c i en t  
of t h i s  material was measured t o  be approximately the  same as good q u a l i t y  
o p t i c a l  grade germanium (.01 p e r  cm) but does not  s u f f e r  t h e  thermal 
runaway problem t o  the  ex ten t  t h a t  germanium does. The tube a l s o  
contained a r e se rvo i r  volume of approximately 1 / 3  liter. 
laser tube w a s  water-cooled the  b a l l a s t  r e s i s t o r s  used with the  tube 
were a l so  placed i n  a water-cooled jacke t .  
s i z e  r e s i s t o r  s t r i n g  t o  achieve the  same power d i s s ipa t ion  capab i l i t y .  
Since t h e  
This allowed a much smaller 
For the  above s i z e  bore and length of t h e  laser tube the  optimum 
curren t  and vol tage  f o r  the laser was approximately 15 h- at  12  milliamperes. 
Powers ranging up t o  8 w a t t s  were observed trom t h i s  laser when a 14% 
transmission output mirror  w a s  used. 
a gas mixture of 1 t o r r  Xe, 6 t o r r  CO 
w a s  used i n  an  attempt t o  achieve lower 93erat ing and breakdown vol tages  
and longe-- operat ion l i f e  . 
The above powers were obtained wi th  
and about 14 t o r r  He. The Xenon 2 
( 4 )  
2.2.4 Amplifier Design 
Several  ampl i f ie r  tubes were constructed during t h e  program. The 
This tube w a s  used i n  e a r l y  tests on f i r s t  of which being RF exci tzd.  
measurements of gain versus  pressure and is described i n  d e t a i l  i n  
s ec t ion  3.3 .  
19 mm. 
an i n t e r n a l  mirror  a t  one end of t he  tube f o r  beain-folding purposes. 
I n  a l l  cases t h e  ampl i f ie rs  used a bore diameter of approximately 
The a c t i v e  length was approximately 180 cm and t h e  ampl i f ie rs  u t i l i z e d  
I n  the  f i n a l  package two ampl i f ie r  tubes were used. The tubes were 
placed o p t i c a l l y  i n  series, but mechanicall;- i n  p a r a l l e l .  
assembly drawing of one of t h e  ampl i f ie r  tubes used on the  program. 
main support s t r u c t u r e  f o r  t h e  ampl i f ie r  tube is a two-inch diameter Pyrex 
tube which extends a3out 1 1 / 2  meters between t h e  two ampl i f ie r  tubes. 
This large diameter tube a l s o  served as a gas ballast-volume f o r  t he  amplif iers .  
Figure 4 is an 
The 
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The input  end of the  ampl i f ie rs  were cu t  a t  Brewster's angle and 
potassium-chloride windows were used. Two ampl i f ie r  systems of t h i s  
bas ic  design were constructed.  The f i r s t  as shown i n  Figure 4 u t i l i z e d  
mirrors  internal  t o  the vacuum system which were ad jus t ab le  through the  
bellows assembly. A la ter  tube, shipped with t h e  f i n a l  un i t ,  d id  not  
use the  bellows assembly but  had f ixed  pos i t i on  mirrors  epoxied t o  t h e  
end of t he  ampl i f ie r  g l a s s  envelope. This f ea tu re  w a s  found des i r ab le  
from a mechanical r i g i d i t y  viewpoint as w e l l  as allowing a much simpler 
procedure f o r  mirror alignment, s ince  i n  the  l a t t e r  case t h e  f ron t  su r f ace  
of t he  f ixed  mirrors  could be observed through t h e  g l a s s  walls of the  
amplif ier ,  and a helium-neon laser beam could be t raced through the  
amplif ier .  
I n  a c t u a l  operat ion t h e  o s c i l l a t o r  bearn was passed through t h e  bottom 
of t h e  lower ampl i f ie r  tube and a f t e r  r e f l e c t i o n  from the  f ixed i n t e r n a l  
mirror  the  beam w a s  then brought out  of the  bottom ampl i f ie r  tube on the  
high s i d e  of t he  Brewster-angle window. 
smail so t h a t  the input  and output beams could be separated.  The beam w a s  
then Colded by ex te rna l  op t i c s  up t o  t h e  top of t h e  ampl l f ie r  tube. The 
beam w a s  double-passed through the  top ampl i f ie r  tube before  passing o u t  of 
t he  laser s t ruc ture .  This folded o p t i c a l  path is depicted i n  Figure 5 
which is an ove ra l l  assenbly d .awing of ' t he  osc i l la tor -ampl i f ie r  system. 
The beam s i z e s  were s u f f i c i e n t l y  
To con t ro l  the beam s i z e  as t h e  osci1l.ator beam passed through t h e  
ampl i f ie r  tube and t o  insure  t h a t  t he  beams could be separated completely 
a t  the  folding o p t i c s  near  the  f ron t  of the  ampl i f ie r ,  t h e  i n t e r n a l  mir rors  
i n  the  ampl i f ie r  were chosen t o  have f r o n t  sur face  curvature.  
mirror had a radius  of curvature of 3 . 1 2  meters while t he  upper mirror  had 
a radius of curvature of 4.67 meters. 
output of about 8 mm i n  diameter. 
3 mil l i rad ians .  
The lower 
These mirrors  provide a well-coll imated 
The divergence was estimated a t  about 
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2.2.5 He.at &changer 
The laser system a l s o  contains  a r ec i r cu la t ing  l=wer cooling system 
depicted schematicaliy i n  Figure 6 which is  capable of cooling t h e  
laser tube t o  abou' 15OC during operat ion.  
constant thermal load a t  t h e  laser, t h e  cooling u n i t  contains  a c3arse  
temperature con t ro l  system of t h e  thermostat ic  type. 
To maintain a r e l a t i v e i y  
A small r e f r i g e r a t i o n  (fireon) u n i t  capable of handling about 800 
watts w a s  used on t h e  primary side., while wcter was c i r cu la t ed  t o  t h e  laser 
on t h e  secondary s i d e ,  
c i r c u l a t i n g  pump, an  accumulator w a s  i n s t a l l e d  i n  t h e  l i n e  at. t h e  oztler:  of 
the cooling u n i t  proper. 
gpm t o  maintain a s a t i s f a c t o r i l y  low temperature, a bypass l i n e  was ins ta l led .  
around tbe  heat  exchanger-pump combination so  t h a t  high v e l o c i t i e s  through 
the  heat  exchanger could be maintained. The higher  flow rates through t h e  
exchanger allows for  more e f f i c i e n t  primary cooling. 
To reduce the  e f f e c t s  of v i b r a t i o n  from t h e  wate: 
Since t h e  laser only requi res  approxinately 114 
The flow system has been inter locked f o r  i n s u f f i c i e n t  f k w  and excess 
c o o k n t  temperature t o  p ro tec t  t h e  laser tube and ba l las t  r e s i s t o r s  (which 
are water cor,.Led). 
The f reon  system u t . i l i z t s  a continuously operat ing compressor. Temper- 
a t u r e  con t r c l  of the  water is cont ro l led  by t h e  use of a bypas; solenoid v,ilve 
which d i v e r t s  t h e  f reon  l i q u i d  t o  an  a:ixil-iary e c q o r a t o r  f o r  a f r a c t i o n a l  
period of t i m e .  The proport ion of time tha t  t h e  l i q u i d  is d iver ted  is 
cont ro l led  by t h e  sd jus t ab le  temperature cont ro l  u n i t .  
operating f ea tu re  of t h e  compressor systems reduces cur ren t  surges  on t h e  
l i n e  which could be r e f l ec t ed  i n  the laser output through the  dc power suppl ies .  
The continuously 
2 . 3  Electrical  Design 
Figure */ contains  the  e l ec t r i ca l .  schematic of t h e  2W w a t t  
l a s e r  head. The ampl i f ie r  system cons i s t s  of two p a r a l l e l  tubes comected 
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t o  a common cathode and b a l l a s t  tank. Each ampl i f ie r  tube is dr iven 
by i t s  own power supply so  t h a t  each tube can be operated separa te ly .  
The e x c i t a t i o n  l e v e l  of each tube can be cont ro l led  a t  t he  power supply t o  
provide v i r t u a l l y  any l e v e l  of ampl i f ica t ion  up t o  the  maximum value.  The 
b a l l a s t  r e s i s t o r s  R1, 2, 3 were a l l  set a t  400W. It w a s  found t h a t  
s u b s t a n t i a l l y  lower f igures  created i n s t a b i l i t i e s  i n  s t a r t i n g  and during 
operation. 
The laser power console i s  shown s c h e m t i c a i l y  i n  Figure 8. The 
console houses t h e  ind iv idua l  power suppl ies  f o r  t he  o s c i l l a t o r  tube, eac3 
amplif ier ,  and t h e  p i ezoe lec t r i c  transducer,  as w e l l  as t h e  temperature 
con t ro l  e l ec t ron ic s  and heat  exchanger. 
d e t a i l  b e l  ow. 
These items are discussed i n  more 
2 . 3 . 1  Hfgh Voltage Supplies 
Th? dc power supply f o r  the  l a s e r  o s c i l l a t o r  i s  a Sorenson Model 
1020-30 which is capable of providing 20 kv a t  30 ma. 
design, the  laser tube only requi res  about 15  kv a t  about 1 0  ma, so the power 
supply only operates  a t  about 1 / 4  of i ts capab i l i t y .  
tubes use Sorenson Model 1030-20 suppl ies  k-hi-ch are kapable of providing 
30 kv a t  20 ma.  Each ampl i f ie r  tube, however, ope ra t e s . a t  a supply vol tage  
of 20 kv and a cur ren t  of about 15 ma. 
i n  the  b a l l a s t  r e s i s t o r s .  
With the  f i n a l  o s c i l l a t o r  
The ampl i f ie r  
The above f igu res  include the  drop 
The l i n e  and load regula t ion  f o r  t h  ,e u n i t s  are provided by a 
regulat ing transformer which e l e c t r i c a l l y  precedes t h e  console. The power 
suppl ies  are f u l l y  metered so t h a t  t h e  cur ren t  and vol tage  can be monitored, 
i f  desired.  Over vol tage and cur ren t  i n t e r locks  are included as w e l l  as 
coolant flow and temperature in te r locks .  Each of the  high vol tage  power 
suppl ies  are f i l t e r e d  to p r o v i d e  a 2 .01% r i p p l e  f igure .  
later i n  the  sec t ion  on frequency s t a b i l i t y  measurements, f u r t h e r  reduct ion 
i n  the  power supply r i p p l e  f i g u r e  would probably be necessary i f  g rea te r  
s t a b i l i t i e s  are ciesired. 
A s  w i l l  be described 
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2 . 3 . 2  Temperature Control ler  
The temperature can t ro l l e r ,  designate  A3 i n  Figure 8 u t i l i z e s  a 
br idge network i n  which a h igh-sens i t iv i ty  thermistor ,  mounted OR t he  
laser cavi ty ,  se rves  t o  provide a continuous e r r o r  s igna l  t o  ti 
d i f f e r e n t i a l  amplif ier .  The output of t h e  amplif ier  cont ro ls  t he  b i a s  
s e t t i n g  on a set of cur ren t  con t ro l l i ng  t r a n s i s t o r s  which r egu la t e  t he  
amount of power del ivered t o  t h e  cavi ty  heater .  The cavi ty  hea te r  is  a 
low dens i ty  24" long resist ive s t r i p  capable of d i s s ipa t ing  80 watts. 
The hea ter  is fasteEed t o  the  bottom of t h e  aluminum cav i ty  s t ruc tu re .  
The c i r c u i t  shown i p  Figure 9 is designed t o  maintain t h e  laser cavi ty  
A b ias  ad jus t  s e t t i n g  of t o  wi th in  - + 0.loC a t  a temperatare of about 4OoC. 
2.8 v o l t s  a t  TP2 ( a t  t he  input of A2) allows approximately one amp nominal 
current  t o  flow through the  heater .  The hea ter  thus nominally d i s s i p a t e s  20 
watts of power. This 2.8 v o l t  f i g u r e  is modified by the  output of amplff ier  
A l .  It adds o r  subs t r ac t s  from t h i s  value depending upon whether o r  no t  t h e  
vol tage  across  the  thermis:or is l a rge r  o r  smaller than t h e  br idge re ference  
voltage.  The br idge reference vol tage  is  set  by t h e  1200 G? r e s i s t o r  R6.  
Figure 10 shows t he  temperature-resistance c h a r a c t e r i s t i c s  of t h e  
thermistor used. 
near t he  desired operat ing temperature of 4OoC. 
on a miniature  connector a t tached d i r e c t l y  t o  t h e  aluminum laser cavity.  
This p a r t i c u l a r  u n i t  w a s  chosen because of i t s  high dR/dT 
The thermistor  is mounted 
0 About the  4OoC temperature point ,  f o r  every .1 C change i n  thermistor 
temperature, t he  br idge unbalance corresponds t o  about 2 m v .  
i s  mul t ip l ied  by t h e  product of t he  gains  of A 1  and A2 (10 each) r e s u l t i n g  i n  
a 200 mv output from A2, 
heater  d i s s ipa t ion  is about 8 watts/ . l  C change i n  thermistor  temperature. 
This unbalance 
Thus, about t h e  2 . 8  vo l t  b i a s  point,  t h e  change i n  
0 
Figure 11 is a photograph of t h e  temperature con t ro l  u n i t .  The cont ro l  
e lec t ronics  are mounted under ;he chass i s  while two dc power suppl ies  are 
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Figure 10, Thermal Characteristic of t he  Thermistor 
Used in the Laser Temperature Control 
E lec t r onic s 
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mounted on top. 
the  cavi ty  heater .  
d i f f e r e n t i a l  amplifie-:s used i n  the  cont ro l  loop. 
t o  the  heater  r a the r  than ac power i n  order  t o  e l imina te  the p o s s i b i l i t y  of 
magneto-stricrive length changes i n  the  cavi ty  caused by varying f i e l d s  
near t he  invar rods. 
The l a rge r  power supply provide 80 watts of dc  p w e r  t o  
The smaller supply provides b i a s  vol tages  t o  the  
DC power is supplied 
In  normal operat ion the  temperature con t ro l l e r  is l e f t  on continuously 
i n  order t o  minimize warm-up time whenever the  laser is turned on. I f  the  
heater  is l e f t  o f f ,  the  warm-up t i m e  f o r  the u n i t  is about two hours. This 
can be compared with a warm-up t i m e  of less than 1 /2  hour i f  t he  hea ter  is 
allowed t o  remain operat ional .  
2 . 3 . 3  ' Frequency Adjust Electronics  
The laser frequency cont ro l  power supply, designated A 4  i n  Figure 8 
i s  a lOOOV, 20 m a  dc power supply manufactured by KEPCO. 
(model 1000 ABC M) is capable of operating e i t h e r  as a simple dc power 
supply o r  with minor adjustments as a high vol tage  dc amplif ier .  
The supply 
This supply allows control led manual or  automatic physical  movement 
of t he  non-transmitting laser mirr0.r which i n  turn  allows the  operat ing 
frequency of the  laser t o  be control led and adjusted.  The power supply 
has a coarse  and a f i n e  cont ro l  of t h e  output-voltage, allowing the  laser 
frequency t o  be eccurately adjusted t o  within about 50 kJ3z manually. 
The main e l e c t r i c a l  con t ro l  elemenr cons i s t s  of a spec ia l  p i ezoe lec t r i c  
transducer with 40 individual  p l a t e s  mechanically connected i n  series and 
e l e c t r i c a l l y  connected i n  p a r a l l e l .  Each p l a t e  has a thickness  of .030 inches 
and a diameter of 1 3 / 4  inches. The length-to-width r a t i o  of t he  s t ack  has 
been chosen f o r  good mechanical s t a b i l i t y .  
1 5  microns of movement f o r  an applied vol tage of 800 v o l t s ,  Because of i t s  
l a rge  capacitance, i ts bas ic  corner frequency i s  aboat 200 Hz; however, a 
The device i : j  capable of about 
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s i n g l e  p i e z o e l e c t r i c  p l a t e ,  e l e c t r i c a l l y  i s o l a t e d  from the rest of t h e  
transducer s t r u c t u r e  and mounted on t h c  mirror s i d e  of t h e  transducer,  
extends the usable frequency response t o  over 5 Wn. I f  desired,  t he  u n i t  
can be used i n  a feedback con t ro l  system. 
The s e n s i t i v i t y  of t he  power supply transducer system f o r  t h i s  laser 
i s  about 314 MHzIvolt. 
by 314 MHz f o r  every v o l t  change i n  supply voltage.  
That is, the  laser output frequency is changed 
Since the Doppler l i ne -  
>:idth of the C02 laser t r a n s i t i o n  is about 50 'mz, a + v o l t  change i n  - 3 :  - 
the  transducer supply vol tage is a l l  t h a t  i s  necessary t o  scan t h e  gain 
curve of a p a r t i c u l a r  wavelength. 
Although the  laser general ly  operates  i n  only a s i n g l e  wavelength, i t  
i s  poss ib l e  t o  s e l e c t  the output wavelength from the  laser by ad jus t ing  t h e  
transducer vol tage i n  50-100 v o l t  increments. 
- 2.4 Completed System 
The completed laser is shown i n  Figure 12. The o s c i l l a t o r ,  folding 
o p t i c s  and p a r t  of t he  amplif ier  are located i n  a 12" x 12" x 48" enclosure 
with the  amplif ier  extending beyond t h e  enclosure i n  a 6" x 8" x 48" long 
l ightweight container.  An ad jus t ab le  output l e n s  (KC1) has a l s o  been 
included so t h a t  t h e  laser bean! can be  focused through a 3 mm x 3 nnn 
modulator (used a t  the  f i n a l  i n s t a l l a t i o n )  located about 26 inches from 
the f ron t  of t he  laser. 
The individual  power suppl ies  f u r  t he  o s c i l l a t o r  and two ampl i f i e r  
tubes occupy the  top port ion of t h e  power supply console, t h e  laser 
frequency con t ro l  e l ec t ron ic s ,  temperature con t ro l l e r ,  cabinet  f an  and heat  
exchanger f i l l  t he  remainder of the console. 
and cables have been provided so t h a t  the power supply console can be 
operared a t  a d i s t ance  of up t o  45 f e e t  f ron  t h e  laser head. 
Sufficient:  I.ength of hoses 
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2 . 5  Auxiliary O s c i l l a t o r  
The aux i l i a ry  o s c i l l a t o r  constructed on t h i s  program f o r  checking the  
s t a b i l i t y  of the high power laser u t i l i z e d  a laser cav i ty  and laser tube 
i d e n t i c a l  t o  t h a t  used ic the high power laser. 
Echematic of the las2r and its power supply. I n  t h i s  case the  laser uses 
water cooling from the. c i t y  water supply, however, t h e  high vol tage power 
supp:-r, p i ezoe lec t r i c  transducer power supply and the  temperature con t ro l  
e l ec t ron ic s  are i d e n t i c a l  t o  those described earlier. 
hardware and the v ib ra t ion  inhibi t i - ig  enclosure is  i d e n t i c a l  to  t h a t  used 
i n  t h e  high power laser so t h a t  t h e  aux i l i a ry  o s c i l l a t o r  can b e  used as a 
backup f o r  the high power laser, i f  necessary. 
Flgure 13 i s  an e lectr ical  
Most of the mounting 
. The aux i l i a ry  laser u t i l i z e s  a 6% transmit t ing f l a t  output mirror  
(multi layer d i e l e c t r i c a l l y  coated on an XRTUN 2 subs t r a t e )  with a 3.12 
meter gold coated quartz  mirror mounted on t h e  p i e z o e l e c t r i c  trsLlsducer. 
The laser emits about 3 watts s i n g l e  freqaetlcy i n  t h e  TEM 
a higher transparency mirror allows t h i s  laser t o  emit higher powera, i t  
vas found t h a t  a g rea t e r  number of wavelengths could b e  se l ec t ed  with t h e  
6% transmission mirror. This f e a t u r e  can be important s i n c e  dux-ng 
heterodyne tests the a u x i l i a r y  o s c i l l a t o r  must be tuned t o  t h e  wavelength 
f o r  which t h e  high power laser has the g r e a t e s t  output ( g m e r a l l y  10.59 microns). 
mode. Although 
ooq 
Figure 1 4  is a photograph of t he  3 watt a u x i l i a r y  laser. The enclosure 
€or the laser is t i g h t l y  sealed with a BaF2 output window. 
head measures about 12" x 12" x 48" and weighb 
The l m e r  
about 100 15s. 
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3.0 EXPERIMENTAL RESULTS 
During the  course of t h e  program several tests and experiments were 
performed i n  order  t o  ga ther  da t a  necessary f o r  t h e  design and opera t ion  of 
t h e  laser system, and to measure the  operat ing c h a r a c t e r i s t i c s  of t h e  lasers. 
The tests included: laser cav i ty  t h e m 1  tests, RF e x c i t a t i o n  s tud ie s ,  ef-  
f e c t s  of bo re  s i z e  on s i n g l e  mode output  power, ampl i f fe r  ga in  s tud ie s ,  v i b r a t i o n  
tests and frequency s t a b i l i t y  measurements. 
described below. 
The r e s u l t s  of t hese  tests are 
3.1 Laser Tnermal Tests 
A s  was discussed i n  a x t i o n  2.2.2, t h e  thermal s t a b i l i t y  of t h e  combination 
invar-aluminum cav i ty  is determined by t h e  invar  only i f  t h e  aluminum does no t  
mechanically drag the  invar  with it as it expands or con t rac t s .  
t h e  e f f e c t  of s eve ra l  types of adhesive ma te r i a l s ,  two test c a v i t i e s  were fab- 
r i c a t e d  with l a s e r  tubes i n s t a l l e d .  
hesive between the  invar  rods and the  aluminum s t r u c t u r e ,  while  i n  t h e  second 
cav i ty  a "semi-rigid" aluminum epoxy was used. The almPnum epoxy was chosen 
because of i ts  r e l a t i v e l y  high therz.?. conduct ivi iy ,  an advantage i n  maintaining 
a good thermal environment f o r  t h e  i: tar, a i d  the  R.TV 30 was used because of i ts  
low shear mociulus of e l a s t i c i t y .  
To determine 
In one c a v i t y  RTV 30 w a s  used as an ad- 
The lasers were opcrated w i t h  t he  temperature con t ro l  system inopera t ive ,  
and the  outputs  of t he  l a s e r s  were monitored through a monochromator. 
cavFties  had come t o  thr: .sl equilibrium, t h e  cav i ty  with t h e  RTV 30 would re- 
main on a s i n g l e  t r a n s i t i o n  f o r  per iods up t o  s eve ra l  hours while  t h e  output of 
the  cavi ty  with the  aluminm epoxy could only be kept  on a p a r t i c u l a r  wavelength 
f o r  a period of a few minutes before i t  would d r i f t  t o  a new wavelength. 
Af t e r  t he  
The cavities were then heated by the  thermal con t ro l  system, and t h e  
Simultaneously, temperature rise of the  c a v i t i e s  observed as a funct ion of time. 
a ca l ib ra t ed  p i ezoe lec t r i c  s tack ,  onto which one of t h e  l a s e r  mir rors  was at- 
tached, and a vol tage  variable d , c l  vol tage source, were used t o  maintain t h e  
same output wavelength f rom each of t he  lzsers as the  temperature was increased. 
The absolute  expmsion r a t e s  were then obtained f o r  t he  1a;o-r c a v i t i e s .  
42 
The measured effective.  coe5f ic ien ts  of expansion of t he  twc c a v i t i e s  
are given below: 
Adhesive Material a (Cavity) 
XTV 30 
"Semi-rigid" 
aluminum epoxy 
-6 o 2 x 1 0  / c  
-6 o 22 x 10 / c 
These num5ers f a l l  very c l o s e  t o  those predicted by t he  theory presented 
i n  sec t ion  2.2.2. 
very similar t o  j u s t  t he  aluminum s t ruc t t f re i  ~ z S . 2  a o t  2s t-&qzate for iise is 
t h i s  appl ica t ion .  
The aluminum epoxy, which creates an expansion c h a r a c t e r i s t i c  
The RTV 30, hwever ,  has proved t o  be quit,:: s a t i s f a c t o r y .  
c) I n  later tests, a f t e r  t h e  thennal  con t ro l  u n i t  w a s  con t ro l l i ng  to  20.1 C, 
t h e  laser with t h e  RTV 30 bonding, would opera te  f o r  an  i n d e f i n i t e  per iod of 
t i m e  on a s i n g l e  t r a n s i t i o n .  The laser would a l s o  opera te  on t h e  same wave- 
length on a day-to-day bas i s ,  al though t h e  i n i t i a l  operat ing condi t ions had 
to  be accura te ly  repeated. 
and p i ezoe lec t r i c  t ransducer  vol tage  had t o  be set c lose  t o  t h e  previous day's 
values .  &proximately 1 / 2  hour warm-up time w a s  required before  s t a b l e  opera- 
t i o n  was obtained. 
That is, t h e  laser tube current-, water f low rate, 
3.2 Cavity Vibrat ion Tests 
A s  described fn  sec t ion  2.2.1, t he  laser c a v i t y  w a s  designed to be a v r y  
T&\ r i g i d  assembly wi th in  the  l i m i t s  of t h e  thermal and weight requirements. 
main purpose f o r  t h e  r i g i d  cons t ruc t ion  is  t o  achieve as high a lowest order  
1onpLtudinal resonance as poss ib le  for t he  bas ic  l eng th  of t h e  laser. 
92 6m long cav i ty ,  it was expected t h a t  t he  lowest order  l ong i tud ina l  resonance 
should occur a t  a frequency of about 2700 cps.  
9 i". ~ 
.- - 3' ,. For tfie 
To check the  resonance c h a r a c t e r i s t i c s  of t he  laser cavi ty  and t o  determine 
the  lowest fundainencal resonances, t he  laser c w i t y  was t e s t e d  u t i l i z i n g  two 
4 3  
, 
p i e z o e l e c t r i c  transducers.  
p i e z o e l e c t r i c  p l a t e s  was loca ted  on the  mirror  mount a t  one end of t he  cav i ty ,  
whila a similar transducer serving as a pick-up head was located a t  t h e  o t h e r  
mirror  nount. The v i b r a t i o n  i n t e n s i t y  at- t h e  pick-up transducer was measured 
as a funct ion of e x c i t a t i o n  frequency using an osc i l l o scope  a s  t h e  read-out 
instrument. 
An e x c i t a t i o n  transducer f ab r i ca t ed  from a s t a c k  of 
Figure 15 shows the  r e s u l t s  of t h e  measurement. The lowest order  longitu- 
d i n a l  resonance occurs a t  2530 cps,  near t h e  expected value of about 2700 cps. 
Several weaker resonances a t  lower frequencies were observed and are a t t r i b u t e d  
t o  t r ansve r se  resonames.  No resonances could be  detected below about 1100 cps. 
Tehe same test was run on a similar channel shaped cav i ty  of 50 cm l eng th  
which happened t o  be  ava i l ab le .  
and the  92 cm invar-aluminum c x i t y  w a s  t h e  type of mirror  mounts used. 
s h o r t  cav i ty  used t h i c k  steel  p l a t e s  onto which t h e  mirror  was r i g i d l y  clamped. 
iowever, t o  ob ta in  mirror  adjustment capab i l i t y ,  the p l a t e s  were clamped t o  t h e  
ends of t h e  channel with t h r e e  sets of push-pull screws. 
allows only t h e  small contact  area determined by t h e  screws i n  jo in ing  t h e  end 
p l a t e s  t o  t h e  cav i ty  and i s  q u i t e  suscep t ib l e  t o  low frequency t r ansve r se  
vibrat ions.  
The main d i f f e rence  between-the sho r t e r  c a v i t y  
The 
This  arrangement 
Several  l a r g e  resonances werz observed as low as 400 cps even though t h e  
mirror  mounts we:e t i g h t l y  clamped. 
somewhat by applying an ex te rna l  f o r c e  t o  the mirror  mount. 
adjustment screws and bo l t ing  t h e  p l a t e s  r i g i d l y  t o  the end of t h e  cavi ty ,  t h e  
low frequency resonances disappeared. 
necess i ty  f o r  l a r g e  area,  t i g h t l y  clamped j o i n t s .  
The resonant frequencies could be tuned 
By removing t h e  
These tests dramatical ly  indicated t h e  
3.3 RF Exci ta t ion Studies 
Various tubes were constructed which could be dxcited with e i t h e r  d.c. o r  
RF power. 
potassium ch lo r ide ,  
t he  less c o s t l y  NaC1.  
I n  a l l  cases the  tube; u t i l i z e d  Brewster angle windows made from 
KC1 was used f o r  its superior  hygroscopic !nope r t i e s  over 
The bore ‘sizes f o r  the var ious cubes rarged from 50 mm 
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t o  6 mm, and var ious techniques were attempted t o  determine the  optimum 
method f o r  introducing t h e  RF power i n t o  the  laser. 
Compared t o  the  He-Ne laser, the  C02 laser r equ i r e s  much h ighe r  RF vol tages  
t o  break the  gas mixture down. 
r i n g  e l ec t rodes  down t h e  length of t h e  discharge tube  was n o t  e n t i r e l y  ~ ~ x c e s s -  
f u l .  
placed on e i t h e r  s i d e  of t h e  laser tube.  
around the  tube with a p i t c h  approximately equal t o  t h e  s t r i p  spacing was found 
t o  work q u i t e  w e l l ,  the discharge d i s t r i b u t i o n  was no t  as uniform i n s i d e  t h e  
tube as the case of t h e  p a r a l l e l  e lectrodes.  
For t h i s  reason our attempts using a series of 
The most s a t i s f a c t o r y  geometry was found t o  be simple s t r i p  e l ec t rodes  
Although a dual  s t r i p  h e l i x  wrapped 
Because of t h e  high vol tage requirements f o r  gas breakdown, much care must 
be taken i n  t h e  design of t h e  RF matching network i f  e f f i c i e n t  power t r a n s f e r  
is  t o  be obtained. 
and t h e  amplif ier  tubes. One major advantage with t h i s  c i r c u i t  i s  t h a t  t h e  un- 
balanced 50 Q output from t h e  RF t r a n s m i t t e r  is converted t o  a balanced l i n e  a t  
t h e  laser. 
t u r e s  is r ea l i zed .  
even when i ts  surrounding ground plane geometry is changed. The laser could 
be moved from the  processing s t a t i o n  and i n s t a l l e d  i n  t h e  metal laser cav i ty  
without any adjustment i n  t h e  matching network. 
laser s t r u c t u r e  could be  removed and replaced without changipig t h e  operating 
c h a r a c t e r i s t i c s  of t h e  laser. 
c lose ly  coupled t o  a 12-turn secondary of about 1." i n  diameter. The v a r i a b l e  
capaci tors  were chosen t o  resonate  t h e  primary,$nd secondary a t  the  operat ing 
frequency which w a s  27 MHz f o r  t h e  laser o s c i l l a t o r s ,  
Figure 16 shows t h e  network w e  used f o r  both t h e  laser tubes 
Wif-h t h i s  technique, l i t t l e  r a d i a t i o n  t o  surrounding grounded s t ruc-  
This f e a t u r e  then allows matched operat ion of  t h e  laser 
Also t h e  m F a l  covers t o  t h e  
The matching network used a t w - t u r n  primary 
Without cooling the  walls of t he  discharge tube,  t h e  h s e r  output power 
would dwindle t o  a very low value i n  only a sho r t  t i m e  a f t e r  turn-on, In most 
cases i t  was found r? - mtageous t o  use a s i l i c o n e  cooling 2luid such as DC 200 
s i n c e  with i ts  low d i e l e c t r i c  constant,  the  RF could be passed d i r e c t l y  through 
i t  t o  t h e  discharge region. Unfortuiiately, t h e  d i e l e c t r i c  constant  of water is 
so g r e a t  t h a t  t h e  RF f i e l d  e s s e n t i a l l y  becomes trapped i n  t h e  water and never 
penetrates  t h e  discharge region. 
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Figure 16. RF Matching Network. 
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Most of t h e  tubes t e s t e d  a l s o  had d.c. e l ec t rodes  so  t h a t  d.c. vs. RF 
power output da t a  could be obtained. For most of t h e  l a r g e r  bore tubes with 
bore sizes g r e a t e r  than about 15 nun, t h e  output  powers and e f f i c i e n c i e s  were 
near ly  i d e n t i c a l  f o r  both types of e x c i t a t i o n  (8 watts t y p i c a l  multimode output 
with a bO cm active length) .  
i t  became very d i f f i c u l t  t o  ob ta in  a uniform RF discharge ac ross  t h e  t ransverse 
d i r e c t i o n  of the tube. 
poor while t he  d.c. discharge allowed continued high power operption, A s  w i l l  
be seen i n  sec t ion  3.4, t h e  small. bore i s  very d e s i r a b l e  i f  single-mode opera- 
t i o n  is necessary. 
d.c. exc i t a t ion .  
However, as t h e  bore s i z e  of t h e  tubes was reduced, 
The power output c a p a b i l i t y  f o r  t he  RF tube became q u i t e  
For t!iis reason RF e x c i t a t i o n  was abandoned i n  favor of 
During t h e  t e s t i n g  with RF e x c i t a t i o n  t h e  following s t u d i e s  were made. 
Although not e s s e n t i a l  t o  t h e  f i n a l  r e s u l t s  of t h e  program, they are included 
here  f o r  completeness. 
3.3.1 Parametric Studies 
A shor t  parametric study was made on t h e  e f f e c t s  of gas mixture on t h e  
power output of t he  RF exci ted laser. 
d i a iwte r  of 19 mm and an active length of 65 cm was operated with RF exc i t a t ion .  
S t r i p  e l ec t rodes  were l a i d  lengthwise along both s i d e s  0.f t h e  cooling jack2t .  
The e l ec t rode  sepa ra t ion  w a s  approximately 32 nun. 
from 1/S inch t o  1/2 inch were t r i e d  with very similar r e s u l t s  i n  a l l  cases.  
The laser was cooled by the  !ow v i s c o s i t y  (1.5 cen t i s tokes )  s i l i c o n e  f l u i d  
a v a i l a b l e  from Dow Corning (DC 200). 
about 20'12. 
match the  50 ohm output of t h e  27 MHz o s c i l l a t o r  t o  t h e  tube impedance, 
vhen operating a t  t h e  low power extrsmes of t h e  t ransmitcer ,  a VSWR of b e t t e r  
than 1.2 was obtained, 
A Brewster'angle C02 laser with a bore 
Several e l ec t rode  widths 
The w a l l  temperature was maintained a t  
The balanced l i n e  matching network described above was used t o '  
Except 
The maximum power output from t h e  t r ansmi t t e r  was 200 wa t t s ,  
The lase1 u t i l i z e d  KC1 Brewster windows polished f l a t  t o  better than 1/10 X 
a t  10 microns. 
mirror  and an I r t r a n  2 mult i layer  d i e l e c t r i c  mirror with a 15% transmission 
f igu re .  The output mirror was anti-reflection-coated. The mi r ro r s  were mounted 
The o p t i c a l  cavi ty  was formed by a 3 meter r ad ius  gold-coated 
I 
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on an o p t i c a l  bench r a t h e r  than i n  a s t a b l e  cav i ty  f o r  conveniencep and t h e  
tube was allowed t o  run multimode. 
Figure 1 7  is a graph of t h e  output power from t h e  laser as a funct ion of 
gas pressure and composition. however, 
t he  add i t ion  of about 1 t o r r  of N2 increased t h e  output by about 30% i n  most 
cases. 
Only C02 and H e  mixtures were used; 
For t h e  case of t he  !2 t o r r  CO pressure,  helium was added beyond the  2 
point  indicated on t h e  graph i n  o rde r  t o  f i n d  the  point  a t  which o s c i l l a t i o n  
would cease. A t  a t o t a l  pressure of 40 t o r r ,  oscill.ati.on could no longer be 
detected,  and the discharge i n  t h e  tube was barely v i s i b l e .  
pressures ,  t he  discharge could not  be  maintained. 
pressures  could b e  u t i l i z e d  with g r e a t e r  power supply capab i l i t y .  
A t  s l i g h t l y  higher 
It is  expected t h a t  higher 
I n  a l l  cases ,  t h e  output power was peaked by ad jus t ing  t h e  input power. 
Generally a t  t h e  lower helium pressures ,  t h e  optimum input power would be 
about 60-100 watts,  and as more helium was added t h e  required input  power 
r o s e  u n t i l  t k e  maximum of 200 watts a v a i l a b l e  w a s  reached. It appears t h a t  
higher output powers could be reached a t  higher pressures  with g r e a t e r  power 
supply c a p a b i l i t y ,  although t h e  e f f i c i ency  may be debraded somewhat. 
The da ta  i n  t h e  graph of Figure 17 was taken by adding t h e  helium t o  the'; 
operating laser ehrough a high vacuum valve from a helium re se rvo i r .  
lower pressure values ,  t h e  power output from t h e  laser would immedlately rise 
A t  t h e  
when more helium was added and then set t le  back t o  i t s  equilibrium value a f t e r  
a few minutes of operation. However, a t  t he  higher pressure values ,  above about 
6 Corr of helium, t h e  output of t h e  laser would decrease by about 50% and t;:en 
s lov ly  come to  i ts  equilibrium value. At. t h e  highest  pressures ,  t h e  time con- 
s t a n t  f o r  t h e  process was about 1 /2  hou; This very long t i m e  constant  i s  attr i-  
buted t o  the  slow d i f f u s i o n  rate of t h e  ,. re helium through the  C02:He mixture. 
As t h e  pressure and gas mixture was changed j.n the laser discharge region, 
r a t h e r  pronounced changes i n  t h e  discharge c h a r a c t e r i s t i c s  were observed by 
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viewing the  laser from t h e  s i d e s  and down t h e  bore,  
discharge region could be observed j u s t  i n s i d e  the  laser walls opposi te  t h e  
s t r i p  e lectrodes.  
t h e  c e i t e r  of t h e  tube. 
i n  the cen te r  would not  remain uniform and in t ense  discharges i n  l o c a l  
regions would be observed. 
using t h e  1.5 t o r r  C02 p a r t i a l  pressure and may account f o r  t h e  apparent 
anomulous power output c h a r a c t e r i s t i c  a t  t h i s  pressure,  
Generally, a b r i g h t  
This b r igh t  discharge would fade t o  a uniform glow i n  
However, f o r  some pressure f i l l a ,  t h e  discharge 
This was e spec ia l ly  apparent f o r  t h e  mixtures 
-, 3 . 3 . 2  Window Coloring Ef fec t s  
The Brewster window material w e  used i n  most of t he  t e s t  lasers was s i n g l e  
c r y s t a l  potzlssium ch lo r ide  a v a i l a b l e  from Harsziaw Chcr-kal. 
windows are q u i t e  trang?arent i n  the  v i s i b l e  as w e l l  as t h e  10  micron region 
and appear clear t o  t h e  eye. However, a f t e r  operating on . laser tube a f t e r  
a period of t i m p ,  t h e  i n s i d e  surface of t h e  windows t ake  on a h’lufstr t i n t ,  and 
when the  input power t o  t h e  laser is high the  windows can bc\;.ome very dark. 
A not iceable  e f f e c t  on t h e  power output of t he  lader is  a l s o  observed when the 
windows become dark b lue  (. 
Normally these. 
The coloring i i f e c t  i s  much more pronounced i n  the  RF exci ted tubes than 
i n  t h e  d.c, exci ted tubes. 
t h e  windows become not iceably colored when t h e  RF lasers are operated a t  a l  
RF power level  of about 200 watts, Within an hour a f t e r  turn-on, t h e  1aac:r 
windows are very dark, and the  output power begins t o  decrease. 
reductions of about 25% have been observed. 
I n  a miicter of only a few minutes after turn-on, 
Maximum power 
Clearing of the windows after t h e  tube is  tunned off  o w u r s ?  but  t h e  
c l ea r ing  is  not complete, a t  least a f t e r  a period of a few days. 
t h a t  evacuating the  tube allows some enhancement of t h e  n a t u r a l  c l ea r ing  rate. 
We a l s o  noticed t h a t  t h e  r a t e  of bluing was a funct ion of t h e  gas composition 
within t h e  laser tube, and without t he  exis tence of C02 t h e  bluing rate was 
very slow, 
It appears 
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Although chemical e € f e c t s  OR t he  i n s i d e  su r face  of t h e  XC1 could not  be  
ru led  out ,  it appeared more l i k e l y  t h a t  co lo r  cen te r s  (F centers )  were being 
formed i n  t h e  KGJ. dae t o  some electrical or  o p t i c a l  phenomena. 
of colcr centers i n  the  alkali ha1;lde c r y s t a l s  is  w e l l  documented .In t h e  
l i t e r a t u r e  and can be caused i n  a v a r i e t y  of ways. 
by t h e  in t roduct ion  of s u t t a b l e  chemical impur i t ies  which themselves e x h i b i t  
color .  
of the  alkali metal can r e s u l t  i n  t he  generat ion of co lor  centers .  
ch lor ide  is processed i n  t h i s  fashion*, it e x h i b i t s  a yellow co lo r  and potassium 
ch lo r ide  e x h i b i t s  a magenta co lor .  
by x-ray and Y-ray r ad ia t ion ,  neutron and e l ec t ron  bombardment and e l e c t r o l y s i s .  
The generat ion 
The c r y s t a l s  nay be colored 
Also, introducing an excess of t h e  ca t ion ,  as by hea t ing  i n  t h e  vapor 
When sodium 
It is a l s o  poss ib le  t o  co lo r  t h e  c r y s t a l s  
Figure 18 shows the  F band absorpt ion f o r  s eve ra l  a l k a l i  h a l i d e s  s u i t a b l e  
f o r  use as Brewster windows f o r  10.6 micron lasers. P bands introduced i n  RBr 
c r y s t a l s  should make t h e  c r y s t a l  appear l i g h t  blue,  due t o  i t s  absorp t ion  i n  
t h e  red; N a C l  should appear yellow, due t o  i t s  absorpt ion i n  the  deep blue; 
and KC1 should appear deep b lue  o r  magenta due t o  i ts  absorpt ion i n  t h e  green 
and orange. 
To v e r i f y  t h a t  t he  color ing is the  r e s u l c  of t h e  formation of F centers ,  
a discharge tube was f ab r i ca t ed  with a KC1 window on one end and a N a C l  window 
on t h e  o ther .  
epoxied onto a Pyrex tube 3 / 4  inch i n  diameter and ‘30 inches long. 
j acke t  was used. 
only f o r  a shor t  period of t i m e .  
l a s ing  mixture  of C02, N2, and H e  and operated f o r  several hours. 
window turned a deep blue,  and the  N a C l  window turned a l i g h t  yellow color .  
After  four  hours of ope ra t ion , - the  KC1 window exhibi ted deep color ing through- 
out its volume with the  i n t e n s i t y  fading from t h e  i n s i d e  toward the  ou t s ide  face .  
The region outs ide  t h e  extended bore diameter of t he  discharge tube remained 
The tube geometry is shown i n  Figure 19. Both windows were 
No cooling 
The tube w a s  cleaned i n t e r n a l l y  by running a discharge i n  He  
lr 
The tube was then f i l l e d  with a t y p i c a l  
The KC1 
*Sea C. K i t t e l ,  Introduct ion t o  Sol id  S t a t e  Physics, 2nd Edi t ion,  pp. 492, 
(John Wiley & Sons, I n c , ,  New York, 1956) 
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Wave length (microns) 
Figure 18.The F-Bands for Several Alkali 
Halides Useful as Brewster Angle 
Windows at  10.6 Microns. (Taken 
from Kittel) 
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Figure 19. Experimental Demonotration of the Formation 
of F Bands in Alkali Halide Windows Used on 
C02 Laser Tubes 
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clear. The tube was  dismantled and a transmission curve was run on t h e  PC1 
window, 
co lor  centers .  
an absorpt ion curve with enough d e f i n i t i o n  t o  c o r r e l a t e  it with th%$%&ected 
curve. 
t h e  K C 1  c r y s t a l ,  and t h e  color ing e f f e c t  disappeared r a t h e r  r ap id ly  ( severa l  
hours) compared t o  the  KC1 c r y s t a l .  
The absorption matched w e l l  t he  expected a b o r p t i o n  curve due t o  
However, t h e  N a C l  c r y s t a l  faded i n  co lor  too r ap id ly  t o  obtain 
Also, t h e  co lor  i n t e n s i t y  i n  the  N a C l  never d id  reach t h e  i n t e n s i t y  of 
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W e  feel t h a t  t h e  generat ion of co lor  cen te r s  is  caused by the  absorpt ion 
of u l t r a v i o l e t  r ad ia t ion  being emitted by t h e  discharge.  
Charac t e r i s t i c s  of NaCl t o  u l t r a v i o l e t  r ad ia t ion  is much b e t t e r  than f o r  KC1, 
which may explain t h e  color  i n t e n s i t y  d i f f e rence  between t h e  two. 
have not  t e s t ed  KBr, w e  would expect t h a t  t h e  co lor  i n t e n s i t y  i n  t h i s  c r y s t a l  
w i l l  a l s o  be less than i n  KC1 due t o  its b e t t e r  u l t r a v i o l e t  transmission 
cha rac t e r i s t i c s .  
The transmission 
Although w e  
To e l imina te  t h e  p o s s i b i l i t y  of electrical formation of t h e  color  centers ,  
we fabr ica ted  a tube w i t h  long metal ends onto which t h e  windows were at tached.  
The tube was operated normally and with t h e  ends Grounded. 
rate of co lor  formation was observed. 
magnetic f i e l d s  (approximately 400 gauss) were appl ied around the  B r e w s t e r  pipe. 
No change i n  t h e  
Also, no e f f e c t  w a s  observed when high 
A s  expected, with t h e  formation of color  centers ,  t he  color ing could be 
prevented o r  removed by t h e  appl ica t ion  of heat from in f ra red  heat  lamps t o  
t h e  windows. Thermal de-excitation and/or bleaching with l i g h t  i n  the  F ab- 
sorp t ion  band of t h e  c r y s t a l  can r e tu rn  t h e  c r y s t a l  t o  i t s  normal state. It 
was observed t h a t  temperatures i n  t h e  range of 65OC were required before  the  
bluing e f f e c t  i n  K C l  could be completely eliminated. 
Although the  color ing e f f e c t  is much more pronounced i n  RF tubes than i n  
d.c. exci ted tubes,  the  color ing can be q u i t e  severe when the  laser i s  operated 
a: r a the r  high d.c. cur ren t  dens i t i e s .  Iiowever, during t h e  l a t t e r  s tages  of 
the program, a f t e r  we had s t a r t e d  using Xenon i n  most of t h e  d.c. tubes,  t h e  
coloring e f f e c t  was no longer a problem. The lower exc i t a t ion  l e v e l  within the  
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discharge caused by t h e  add i t ion  of small amounts of Xenon gas had apparently 
reduced the  i n t e n s i t y  of emitted u l t r a v i o l e t  r a d i a t i o n  t o  a low enough level 
t h a t  co lo r  centers were not formed t o  a s i g n i f i c a n t  degree. 
3 . 3 . 3  Amplifier Gaia Measurement 
Before t h e  decis ion was made t o  operate  t h e  ampl i f i e r s  w i t h  d.c. e x c i t a t i o n ,  
single-pass ga in  measurements were made u t i l i z i n g  a 2-meter long RF-excited 
ampl i f i e r  tube. The tube u t i l i z e d  Brewster windows on both ends. 
Because of  t h e  2-meter l eng th  of t h e  tube, we had d i f f i c u l t y  i n  breaking 
down t h e  tube a t  t h e  27 MHz frequency w e  had used previously f o r  t h b  smaller 
o s c i l l a t o r  tubes. 
s u b s t a n t i a l  f r a c t i o n  of a ha l f  wave a t  27 MHz, we  were no t  a b l e  t o  maintain a 
uniformly high vol tage along tile f u l l  l eng th  of t h e  s t r i p  el.ectrodes used. 
However, by reducing t h e  d r iv ing  frequency t o  13 MHz and rebui lding the  matching 
networks, w e  were a b l e  t o  d r i v e  t h e  tube q u i t e  s a t i s f a c t o r i l y  a t  a power leve l  
up t o  500 watts input.  
Since t h e  electrical length of t h e  ampl i f i e r  tube w a s  a 
The bore diameter of t h e  ampl i f i e r  tube w a s  25 mm; however, only the  
ceiltral 10  mm diameter was used i n  t h e  ga in  measurements. 
emitted up t o  2.5 watts c w  was used. The oscilUator beam w a s  passed through 
t h e  ampl i f i e r  tube, through a chopping wheel, a l ens ,  and on t o  a gold-doped 
germanium detector .  
and o f f .  
An o s c i l l a t o r  which 
The gain was measured by turning t h e  ampl i f i e r  tube on 
The g r e a t e s t  ga in  f i g u r e  observed f o r  t h e  tube was 1.67 f o r  a 3 t o r r  C02 
and 8 t o r r  H e  mixture. 
A t  higher p a r t i a l  pressures  of COz, the  gain was reduced below t h i s  value. 
e s t a b l i s h  whether any sa tu ra t ion  e f f e c t s  were taking place,  t h e  o s c i l l a t o r  power 
w a s  reduced and t h e  above gain measurements repeated. 
were observed. 
This corresponds t o  a ga in  f i g u r e  of 28% per  meter. 
To 
No s a t u i a t i o n  e f f e c t s  
(5) The above ga in  f i g u r e  can be compared t o  those obtained by Cheo and Cooper 
f o r  sealed-off, d.c. exci ted C02:He mixtures (40%/meter) and t o  those obtained 
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by Farrenq, et a.1, (6) f o r  sealad-off, It%’ exc i t ed  pure C02 ( l l%/meter )  and 
C02:NZ mixtures (22%/rneter). 
- 3.4 Laser Bore S i z e  Ef fec t s  
As mentioned i n  t h e  previous sec t ion ,  several laser tubes were constructed 
t o  determine i f  t he re  ex i s t ed  an optimum size tube f o r  t he  case when RF exci- 
t a t i o n  is used. 
plasma length of about 60 em. 
i n  diameter i n  the plasma region. 
a 1 2  mm diameter o p t i c a l  s i z e  by an aper ture ,  i n  order  t o  compare t h a i r  power 
outpuf c a p a b i l i t i e s  when operat ing i n  o r  near a s i n g l e  mode. 
equipped wi th  i n t e r n a l  cold cathode e l ec t rodes  so t h a t  they could be operated 
dc. 
A 1 1  of t he  tubes had i d e n t i c a l  lengths  of 75 cm with an a c t i v e  
The bore sizes s tudied  were 12, 19, and 27 mm 
However, a l l  t he  tubes were r e s t r i c t e d  t o  
“I 
The tubes were a l s o  
Various combinations of gas pressures  and mixtures were used to  optimize 
t h e  power output. 
200 watts. 
The tests were a l s o  run wi th  var ious input  powers up t o  
The r e s u l t s  of these  tests indica ted  a very c l e a r  preference i n  favor of 
t he  smaller diameter laser tubes. 
producing g r e a t e r  to ta l  output power were severe ly  l imi t ed  when apertured down 
t o  where they would operate  i n  a s i n g l e  mode. For t h e  tests conducted, a 12  mm 
diameter ape r tu re  produced nea r ly  a single-mode output as observed i n  a thermo- 
graphic phosphor viewing screen of t he  type described by Bridges and Burkhardt 
A s  shown i n  Figure 20 the  27 m diameter tube operated a t  the 1/2 watt l eve l ,  
t he  19 mc tube a t  1 w a t t ,  and the  12 mm tube a t  2 watts. The 2% transmission 
mul t i layer  d i e l e c t r i c  output  mirror  used i n  these tests was n o t  necessa r i ly  
optimum f o r  the  tubes tes ted .  
The l a r g e  bore tubes, although capable of 
(7) 
For the  r e s u l t s  obtained, a diameter dependent output f o r  s i n g l e  mode o r  , 
, -1.5 near  s i n g l e  mode operat ion was seen t o  have a func t iona l  r e l a t ionsh ip  of = d 
wnere d is the  tube bore diameter. This func t iona l  r e l a t ionsh ip  w i l l ,  of 
course, no t  continue t o  hold when t h e  tube Bize i s  reduced small enough t h a t  
d i f f r a c t i o n  lo s ses  on t h e  lowest order  mode become l a r g e  enough t o  severe ly  
l i m i t  t he  laser output power, 
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BORE DlAiviTEii -- mm 
Figure 20. Near Single Mode Power Output as a Function 
of Bore Diameter 
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A s  mentioned i n  sec t ion  3.3 ,  w e  were no t  a b l e  t o  ob ta in  s a t i s f a c t o r y  
r e s u l t s  with t h e  small bore tube when operated with RF e x c i t a t i o n  s i n c e  a 
uniform discharge could no t  be obtained i n  t h e  tube using p a r a l l e l  s t r i p  
e l ec t rodes  along the  ou t s ide  of t h e  tube. 
geometry has proved most s a t i s f a c t o r y  f o r  t he  l a r g e r  bore tubes,  but does not 
appear t o  be s a t i s f a c t o r y  f o r  t h e  smaller bore tubes. 
obtain about 100 m i l l i w a t t s  from t h i s  tube using RF e x c i t a t i o n ,  while t h e  sams 
tube would provide over 2 watts with d.c. exc i t a t ion .  
This p a r t i c u l a r  type of e l ec t rode  
We were only ab le  t o  
I n  la ter  tests when t h e  tubes were run in a s t a b l e  c a v i t y  and with t h e  
a i d  of a gold-doped germanium de tec to r ,  we found t h a t  2 s u b s t a n t i a l  amount of 
power was being emitted i n  o the r  t haz  the lowest order  mode f o r  t h e  12 mm 
bore tubes although t h i s  was not  obvious from t h e  output mode pa t t e rn .  An 
ape r tu re  s i z e  of about 8 mm diameter was necessary t o  e l iminate  d e t e c t a b l e  
beat frequencies between varfous modes. During these  tests, va r ious  long-radius 
cav i ty  configurat ions were used i n  which t h e  non-output mi r ro r  was changed from 
a 2.15 meter t o  a 10 meter r ad ius  of curvature.  The output mirror was f l a t ,  
I n  an attempt t o  obtain as much output power as poss ib l e  i n  t h e  lowest 
order  mode, an 8 mm bore tube was constructed,  Although t h i s  laser emitted 
between 3 and 5 w a t t s ,  i t  did not do so i n  a pure s i n g l e  mode. 
quired a 6 mm ape r tu re  t o  eliminate t h e  seve ra l  beat frequencies observed. 
For the  8 mm bore tube, however, i t  was not iced t h a t  t h e  beat  notes were a t  a 
r a t h e r  low frequency (1-2 MHz) compared t o  t h a t  which would be  expected from 
resonator  theory. Further i nves t iga t ion  indicated t h a t  t h e  smooth bore w e  were 
using i n  t h i s  tube was r e f l e c t i n g  a s u b s t a n t i a l  port ion of t h e  o p t i c a l  beam i n  
t h e  cav i ty ,  c r ea t ing  a very unusual o p t i c a l  cav i ty  configuration. Succeeding 
tubes were constructed with a r ippled bore t o  reduce wall r e f l e c t i o n s .  
t h i s  arrangement, t he  beat frequencies were eliminated as long as the bore s i z e  
remained smaller than 8 mm diameter. 
beat  notes near t h e  expected frequencies when t h e  cav i ty  resonance was set near 
t h e  l i n e  center  of t he  highest  ga in  C 0 2  t r a n s i t i o n s .  
The laser re- 
Kith 
Bore s i z e s  of 8 m o r  l a r g e r  did produce 
59 
3.5 Frequency S t a b i l i t y  Myurements  
The a u x i l i a r y  oscl.ll.:it:or was used t o  heterodyne with the high power 
A port ion of t he  beam from laser i n  a configurat ion shown i n  Figure 21. 
t h e  high power laser was tapped o f f  by the KC1 window while t h e  remainder 
was passed t o  a Coherent Radiation Laboratories Model 201 power meter. The 
power meter was ca l ib ra t ed  by c o l o r i n e t r i c  techniques and found t o  be accu- 
rate t o  w5thi.n 10%. 
beam s p l i t t e r  using an I r t r a n  2 s u b s t r a t e ,  a n t i r e f l e c t i o n  coated on one s i d e  
with a high r e f l e c t i v i t y  d i e l e c t r i c  coating on the  o the r  s i d e .  One. l e g  from 
the  beam s p l i t t e r  was Dassed through a Jarrell-Ash, 1/2-meter, g r a t i n g  mono- 
chromator (Model 82-000) while t h e  o the r  l e g  was focused on a Au:Ge d e t e c t o r  
through a KC1 l ens .  The l e n s  was used t o  increase t h e  power on the  de t ec to r  
elemen’t t o  about 100 mw. 
The beams from the  two lasers were combined by a 50-50 
The heterodyne beat note generated i n  the  gold-doped germanium de tec to r  
was observed on a spectrum analyzer (Hewlett-Packard Model No. 8551A1, which 
is capable of displaying s igna l s  above 10 MHz. 
u t i l i z e d  (Hewlett-Packard Model No. K15-8551B) which allowed observation of t h e  
beat  no te  below t he  10 MHz l i m i t  t o  t he  basic  spectrum analyzer.  The s t a b i l i t y  
levels were obtained by not ic ing t h e  rate a t  which the  laser frequency d r i f t e d  
on ,he spectrum analyzer screen o r  by the  width of t h e  beat note  f o r  s h o r t  term 
s t i i b i l i t y  f igu res .  
I n  most cases an upconverter was 
Early s t a b i l i t y  tests r e su l t ed  i n  s t a b i l i t i e s  of only approximately 1 o r  
2 MHz per  second on both the  long and shor t  term, The major i n s t a b i l i t i e s  
occurred a t  rates on t h e  order of one t o  10 cps, and was apparently caused by 
a i r  turbulence between the Brewster-angle windows and t h e  mirrors .  
t i m e  of t hese  t e s t s  t he  window area was open t o  t h e  rest of t h e  cav i ty ,  although 
covers were placed over t h e  top of the laser tubes,  shielding them d i r e c t l y  
from the a i r  conditioning and o the r  a i r  turbulence i n  t h e  laboratory.  However, 
a f t e r  the Brewster-angle 2ir path was covered by near hermetic seals, s u b s t a n t i a l  
increases  i n  s t a b i l i t y  were obtained i n  the 1 t o  10 cps region. 
A t  t h e  
Power Met.er 11 
KC1. 
Window 
Auxiliary Lamer 
Monachrcmator 4’ 
High Power 
Laeer 
Figure 21, 
I 
K3wlet t -Yackard 
K15-8 551.B 
UpconverKer 
Hewlet t-Packard 
8551A Spectrum 
Physical Arrangement W e d  During Keterodyne 
Stability Tests. 
61 
The Eests were run i n  a normal labora tory  envi roment  with equipanent fans ,  
pumps and a i r  conditioning a l l  operat ing.  The lasers re s t ed  on s tandard labora- 
t o ry  benches rather than a s t a b l e  g r a n i t e  t a b l e ,  and t h e  only acous t ic  i s o l a t t o n  
used was t h a t  obtained from the  ou t s ide  l a s e r  enclosure. 
Figure 22 shows th ree  t y p i c a l  photographs of' t h e  heterodyne be,t no te  a t  
var ious degrees of s t a b i l i t y .  
t o  thermal changes i n  the  cav i ty ,  the  beat  note  would d r i f t  i n  and out  of view 
on the spectrum analyzer screen. Figure 228 shows two successive traces, indi-  
ca t ing  the  beat frequency has d r i f t e d  about 10 kHz during t h e  time between 
successive sweeps (approximately 30 msec). 
sca le ,  character ized by the  s t r u c t u r e  in  each trace, appears t o  be near t h e  
reso lu t ion  lhit of t he  analyzer  f o r  t h i s  set cf  operat ing condi t ions (see 
Figure 23). 
span of about 24 kHz. 
60 msec. 
i n s t a b i l i t i e s  can be observed. The wider trace with more s t r u c t u r e  ind ica t e s  
greate: short-term i n s t a b i l i t i e s ,  althougF ,he d r i f t  is about t h e  same as i n  
t h e  o the r  photographs. 
t he  short-term i n s t a b i l i t i e s  is about 30 kHz f o r  a t i m e  per iod of about 30 msec; 
however, i n  t h i s  case t h e  l i n e  width during one of t h e  traces is much g r e a t e r  than 
the  r e so lu t ion  l i m i t  of t he  analyzer, as can be seen from t h e  re ference  s i g n a l  
shown i n  Figure 23. 
about 16  kHz f o r  a time period of roughly 3 msec. 
As t he  l a s e r  bea t  frequency d r i f t e d  about due 
The s t a b i l i t y  on an even s h o r t e r  
IT:. Figure 22B, t h r e e  t r a c e s  are captured wi th in  a t o t a l  frequency 
The t i m e  per iod covering t h e  t h r e e  traces he re  is about 
FLgure 22C shows the  beat  frequency during a t i m e  period when g r e a t e r  
Here the  f u l l  excursion of t h e  beat  note ,  including- 
The f u l l  width a t  ha l f  he ight  f o r  t h e  broadest trace is 
Assuming t h a t  t he  lasers are acous t i ca l ly  s t a t i s t i c a l l y  independent during 
the  rime periods involved, each laser can be considered t o  con t r ibu te  equal ly  
t o  the  beat  note  i n s t a b i l i t y .  The above f igu res  then reduce t o  t h e  following 
approximate i n s t a b f l i t y  range per l a s e r  
1.5 kHz < Af < 25 kHz 
for the  time period of i n t e r e s t  (10 msec). 
s t a b i l i t y  of 
This corresponds t o  a i r a c t i o n a l  
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The above f i g u r e s  are, of course, s t rong ly  a f f e c t e d  by t h e  a c o u s t i c a l  
environment around t h e  laser. 
spread the beat  note  t o  approximately 150 kHz. 
q u i t e  adequate t o  maintain t h e  laser output power constant t o  within about 
5% on a s i n g l e  wavelength f o r  an i n d e f l s i t e  period of time. 
s t r u c t u r e  w a s  allowed t o  come t o  equilibrium, the-frequency d r i f t  between t h e  
lasers stayed within a 210 MHz band with a peak d r i f t  rate of about 100 kHz/sec. 
Also, once t h e  proper operating conditions f o r  t h e  laser had been set, i . e . ,  
cur ren t ,  p i ezoe lec t r i c  transducer voltage,  water flow, etc., t h e  laser could 
be turned o f f  and on without changing wavelengths. 
Rapping on t h e  table o r  loud wh i s t l i ng  would 
The long-term s t a b i l i t y  was 
Once t h e  laser 
The s e n s i t i v i t y  of t h e  laser output frequency to amplitude changes of t h e  
discharge cu r ren t  was measured during t h e  course of t h e  experiments. 
t he  applied vol tage t o  t h e  laser e i t h e r  manually o r  a t  :20 cps, t h e  output  
frequency of t h e  laser could be va r i ed  a t  t h e  rate of about 750 kHz per  milliamp 
By varying 
change i n  the  discharge cu r ren t  which corresponded in our  case t o  about 200 
v o l t s  change i n  t h e  d.c. level of t he  applied v o l x g e .  
higher than t h a t  observed r ecen t ly  by H. Mocker(8) f o r  lower pressure,  flowing 
tubes. This e f f e c t  may indeed be a prime con t r ibu to r  t o  t h e  limits of t h e  
s t a b i l i t y  which we  have observed s i n c e  t h e  suppl ies  used with these  lasers 
operate  a t  aboct 15 kv and have a r i p p l e  f i g u r e  0nl.y s l i g h t l y  b e t t e r  than .01%. 
Unfortunately, within t h e  period of t he  program w t *  were not  a b l e  t o  perform 
more d e f i n i t i v e  tes ts  on t h e  e f f e c t s  of low r i p p l e  f i g u r e s  on laser frequency 
s t a b i l i t y .  
by low level 60 o r  120 cps modulation on t h e  T.aser may not  have been observed 
s i n c e  the frequency of t he  lasers could be varying i n  phase. 
This f i g u r e  i s  s l i g h t l y  
It is  a l s o  a p o s s i b i l i t y  t h a t  any frequency i n s t a b i l i t i e s  caused 
From the  measurements which were made, i t  appeared t h a t  the major s i n g l e  
source of i n s t a b i l i t y  came from the  acous t i ca l  envi.l:onmant. Apparently, t h e  
water cooling system on e i t h e r  laser was not  the prime cause of v i b r a t i o n a l  
e f f e c t s .  Shutting t h e  water flow off  f o r  a short: period d id  not measurably 
reduce the  short-term i n s t a b i l i t i e s ,  Earlier t ea to ,  however, did show t h a t  
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t h e  pump v i b r a t i o n s  were coupling s t rong ly  i n t o  t h e  Laser s t r u c t u r e .  Since 
those e a r l y  tests, an accumulator was added t o  the  cooling system, t h e  pump 
was b e t t e r  i s o l a t e d ,  and 50 f e e t  of rubber tubing was added between t h e  pump 
and t h e  laser head, a l l  of which tend t o  reduce t h e  coupling of v i b r a t i o n s  
from t h e  pump. 
3.6 T i l t i n g  Mount Ek3eriment 
I n  t h e  intended app l i ca t ion ,  t h e  laser w i l l  be mounted on t h e  s i d e  of a .  
moving te lescope and, while operating, w i l l  be t i l t e d  from a near ho r i zon ta l  
pos i t i on  t o  a near vertical  posi t ion.  To determine t h e  e f f e c t s  of t i l t i n g  on 
the frequency s t a b i l i t y  and power s t a b i l i t y  of t h e  laser, a tes t  platform w a s  
made. 
a v a i l a b i l i t y  of a s u i t a b l y  l a r g e  and massive movable platform which could hold 
both lasers and associated equipment r i g i d  t o  t h e  required degree f o r  hetero- 
dyne measurements. 
A heterodyne check on s t a b i l i t y  was no t  attempted because of t h e  un- 
Instead,  a heavy plywood platform w a s  constructed and hinged near one end 
t o  t h e  edge of a work bench placed i n  t h e  c e n t e r  of t h e  laboratory.  
power laser, a power de t ec to r ,  a monochromator and associated o p t i c s  were bol ted 
t o  t h e  platform. 
equilibrium before it w a s  t i l t e d .  
c e i l i n g  l i m i t a t i o n s ,  w e  were not  a b l e  t o  tilt t h e  laser more than about 45'. 
The high 
The laser was operated f o r  about one hour t o  achieve thermal 
Because of t h e  l eng th  of t h e  laser and t h e  
With t h e  laser tuned t o  t h e  center  of t h e  10.59 micron l i n e ,  t h e  l a s e r  
was t i l t e d  several- times t o  the  45' l i m i t .  
occurred. 
electric transducer power supply t o  as c l o s e  t o  l i n e  cen te r  a s  could be de- 
t ec t ed  by measuring t h e  power transmission through the  monochromator. 
rounded-top POP 
of about 210 t 
pos i t i ons  t h e  new transducer supply vol tage coincided with t h e  o r i g i n a l  vol tage 
within t h e  experimental e r r o r ,  concluding t h a t  t h e  laser frequency did not  change 
by more than 110 MHz i n  t i l t i n g  from 0 t o  45'. 
N o  change i n  output  wavelength 
A t  each pos i t i on ,  t he  laser frequency was retuned by t h e  piezo- 
The 
output vs. frequency curve of t h i s  laser allowed an accuracy 
I n  a l l  , t o  be obtained i n  seeking l i n e  cen te r  in t h i s  manner. 
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A small  change i n  power output ,  howevbr, w a s  observed. A t  t h e  i n i t i a l  
This l i f t ,  t he  power output w a s  reduced by about 10% a t  t h e  23 watt level. 
change i n  power apparent ly  was not  due t o  a change i n  e leva t ion  but r a t h e r  was 
due t o  a change i n  t h e  mechanical forces  ac t ing  on t h e  laser as t h e  plywood 
platfclnn vas s t r e s sed  a t  t h e  i n i t i a l  l i f t .  
45' a total. mazirnum power v a r i a t i o n  of 5% was  seen. 
observed were due pr imari ly  t o  detuning s l i g h t l y  t h e  fo ld ing  mirror  s t r u c t u r e  
used i n  the ampl i f ie r  system r a t h e r  than detuning of t h e  laser o s c i l l a t o r  
s ince  e s s e n t i a l l y  no change i n  frequency w a s  observed. 
As t h e  l a s e r  w a s  r a i sed  from 0 t o  
The power v a r i a t i o n s  
. "or these tests khe back end of t h e  ampl i f ie r  w a s  no t  t i e d  down but  w a s  
allowed t o  hang i n  a can t i l eve r  fashion without support .  
t h a t  when t h i s  u n i t  is  i n s t a l l e d  on the  te lescope with f u l l  mechanical support ,  
t he  power v a r i a t i o n s  with t i l t i n g  w i l l  be s u b s t a n t i a l l y  less rhan 5X. 
It is expected 
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4.0 NEW TECHNOLOGY DEVELOPMENTS 
This program has Seen involved i n  t h e  design and development of a 
new type of laser not  previous3y ava i l ab le  from any source. 
the  successfu l  development of t h e  3.asc.r can be considered an item of 
new technology. However, no new technique? ir materials, not  reported 
earlier out of other  programs o r  sources, hive been used i n  t h i s  
development . 
Therefore, 
Sect ion 6.0 summarizes t h e  r e s u l t s  of the program and b r i e f l y  states 
the  operating charac te r i s  t i c s  of t h e  laser. 
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5.0 WTmAL REPORT 
Th$s required sec t ion  is presented f o r  t h e  purpose of disseminating 
information descr ibing those tests, experiments, developments s tud ie s  
and o ther  e f f o r t s  of t h i s  laboratory on work r e l a t i n g  t o  materials and 
t h e i r  processing f o r  u se  in f u l f i l l i n g  t h e  technica l  requirements of t h i s  
cont rac t  
Orre such e f f o r t  was pursued during t h e  first six months of t h e  program 
involving t h e  experimental determination of t h e  shear  modulus of e l a s t i c i t y  
of several low shear  s t r eng th  adhesives which f a l l  i n t o  t h e  soft epoxy and 
RTV class of materials. This e f f o r t  was described i n  t h e  f i r s t  semi-annual 
materials r epor t  on t h i s  program. 
No fu r the r  e f f o r t s  of t h i s  type have been pursued during t h e  remainder 
of t h e  program. 
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6.0 SUMMARY AND COSc:LIJSION§. 
A sealed-off C02 laser tias been developed. 
a l i n e a r l y  polar ized beam of i n f r a r e d  l igi .  at  
10.6 microns and a t  a power level rsf 38 watts, 
mode and cons i s t s  of a single frequency TEMooq 
which is capable of emit t ing 
a s i n g l e  wavelength near  
This, output occurs i n  the 
r a t h e r  than a mult i tude of 
frequencies cha rac t e r i s  t i c  of most lasers. 
development of t h i s  laser centered i n  t h e  area of improving t h e  frequency 
s t a b i l i t y  of t he  laser. 
laser s t ruc tu re ,  short-term s t a b i l i t i e s  of b e t t e r  than 1 p a r t  i n  10 
(3 kHz) were observed and long-term s t a b i l i t i e s  without e l e c t r o n i c  feedback 
of about + 3 p a r t s  i n  10 
The main e f f o r t  during the 
By c a r e f u l  mechanical and thermal design of t h e  
10 
7 (5 10 MHz) were obtained. 
To achieve t h e  requirements of very high short-term frequency s t a b i l i t y  
simultaneously with high power, a mas ter-oscillator-puwer-amplifier approach 
was taken. 
laser is t o  be  used i n  i t s  f i n a l  app l i ca t ion  on a r o t a t i n g  telescope. 
To ta l  weight was a l s o  an important f a c t o r  i n  t h e  dcsign s i n c e  t h e  
The laser o s c i l l a t o r  consis ted of a Pyrex, Brewster angle laser tube 
using a 7 mm bore with an active length of 50 cm. 
tube were made from h igh- re s i s t i v i ty  gallium arsenide. 
exci ted and used a Kovar c y l i n d r i c a l  cathode and a tungsten p i n  anode. 
a gas mixture of 1 t o r r  Xe, 6 t o r r  COz9 14 t o r r  He  t h e  tube operated a t  about 
10 kv a t  10 m a  and emitted about 5 watts of single-frequency power near 
10.6 microns. 
The windows used on t h e  
The tube was dc 
Wtth 
The laser tube was i n s t a l l e d  i n  a r i g i d  channel-shaped cav i ty  which 
a l s o  served t o  hold the  laser m i x  mrs. 
invar  rods embedded i n  four corners of an aluminum channel. The mirror 
mounts as w e l l  as the rest of the s t r u c t u r e  were designed t o  reduce the e f f e c t s  
of acous t i ca l  v ib ra t ions  on the  laser s t a b i l i t y .  
s t a b i l i t y  the cavi ty  s t r u c t u r e  was placed i n  an oven and the  cav i ty  temper- 
a t u r e  control led t o  a 
c o n t r o l l e r  designed and constructed on t h i s  program. 
The mirrors  were separated by four  
To achieve the  long-term 
,lo tolerance by a proport ional  temperature 
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The ampl i f i e r  was designed t o  provide about 9 dB of s a i n  through a folded 
s t r u c t u r e  with a t o t a l  o p t i c a l  length of about 7 meters. 
of t he  amplif ier  is about 2 meters. 
diameter and operates  a t  about 15 kv at 15 ma. 
with a mixture of 1/2 t o r r  Xe ,  3 t o r r  C 0 2  and 6 t o r r  He. 
The physical  length 
The amplif ier  uses a bore of 18 mm 
It operates  most e f f i c i e n t l y  
During the  course of t h e  program several experiments and tests were per- 
fon0c.d t o  determine t h e  optimum tube geometry and e x c i t a t i o n  mechanism. 
was discovered t h a t  small bore tubes o f f e r  the g r e a t e s t  s i n g l e  mode power 
output and t h a t  dc e x c i t a t i o n  should be used. 
configurat%on in  which RF e x c i t a t i o n  could be used on the  small bore tubes 
and s t i l l  maintain high output power. 
It 
We were no t  ab le  t o  g c l e r a t e  a 
The short-term lrequency s t a b i l i t y  of t h e  laser is  g r e a t l y  influenced 
by t h e  acous t i ca l  environnent of t he  laser. 
areas of t he  laser is i ts  path between t h e  Brewster angle  windows and t h e  
laser mirrors.  
pr imari ly  t o  acous t i c  v ib ra t ions  can change t h e  index of r e f r a c t i o n  of t h e  a i r  
which i n  t u r n  creates an e f f e c t i v e  change i n  t h e  length of t h e  cavi ty .  
Without t i g h t  covers surrounding t h i s  region, gross i n s t a b i l i t i e s  are observed. 
One of t h e  most vulnerable  
S m a l l  changes i n  the  air pressure i n  t h i s  region due 
Other major causes which may l i m i t  t h e  s t a b i l i t y  of t h e  laser are 
(1) vibratio7.J introduced i n t o  t h e  laser by t h e  l i q u i d  cooling system; 
(2) a i rborne acous t i c  Vibrations;  and (3) low levei amplitude modulation 
from the power supply due t o  imperfect f i l t e r i n g .  
The laser was a l so  t e s t ed  on a t i l t a b l e  platform and was found t o  
remain operating on the  same wavelength with no de tec t ab le  gross frequency 
s h i f t  f o r  t he  elevat ion angles between zero and 45' t e s t ed .  
v a r i a t i o n s  were noticed, however, aa the  laser was t i l t e d ,  but were a t t r i b u t e d  
t o  bending and warping of the platform as the test  was performed. It is  not  
expected t h a t  t he  laser w i l l  have any not iceable  power f luc tua t ions  when 
r i g i d l y  clamped to  the  telescope. 
Small power output 
7 1  
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